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ABSTRACT 
 
 
 
Carbon capture and storage (CCS) has been recognized as a promising approach 
to mitigate the rapidly increasing amount of CO2 in the atmosphere. The key factor for 
the advancement of this technology lies in improved and cost-effective capture 
processes/materials. Pre-combustion CO2 capture from coal-fired power plants is of 
particular interest in integrated gasification combined cycle (IGCC) design. High 
concentrations of CO2 and elevated operating pressures/temperatures reduce the energy 
requirements of this process to 10-16%, which is roughly half that for post-combustion 
CO2 capture.1  
CaO has emerged as an attractive material to integrate in high temperature CO2 
capture processes because of its favorable properties. However, the main drawback of 
CaO, namely sintering during calcination and thus dramatic decrease in surface area, has 
questioned its applicability on an industrial scale. To tackle the stability issue of CaO, 
different strategies have been examined from which incorporation of inert additives into 
CaO matrix shows great promise. High melting point refractory metal oxides have been 
identified as an example class of efficient additives.  
In this dissertation, two less common synthetic approaches, mechanochemistry 
and ultrasonic spray pyrolysis (USP), were utilized to prepare highly stable CaO-
containing sorbents for CO2 capture. The mechanochemical approach is as an example of 
top-down synthesis of materials, while spray pyrolysis is considered a bottom-up 
approach.  
iii 
First, a systematic study on the use of mechanochemistry (e.g., mechanical 
milling) for preparing CaO-based sorbents is reported. Important parameters such as 
milling intensity in high energy ball milling equipment, use of process control agent (i.e., 
wet or dry processing) and milling time were examined, and their effects on the 
performance and stability of treated CaO sorbents were studied.  
Next, the first use of ultrasonic spray pyrolysis as a continuous flow method for 
the facile synthesis of CaO-based materials is discussed. An extensive study of materials’ 
characterization and CO2 capture performance has been conducted to examine the 
efficacy of prepared sorbents. Moreover, importance of bottom-up synthetic approach in 
retaining CO2 capacity is discussed. This work concludes with modeling the sorbent’s 
performance via a classical shrinking core model to obtain quantitative values of useful 
parameters for equipment design (e.g., reaction rate constant and diffusivity decay). 
 
[1]  Eide, L., I.; Bailey, D., W., Capture précombustion. Oil & Gas Science and 
Technology - Rev. IFP 2005, 60 (3), 475-484 
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CHAPTER 1: ANTHROPOGENIC CARBON DIOXIDE CAPTURE 
 
 
 
1.1 Introduction 
The escalating level of atmospheric carbon dioxide is one of the biggest 
environmental challenges of our age.1 The increase of carbon dioxide in the air has been 
suggested to be the leading contributor to global climate change.2 Figure 1.1a depicts that 
the vast majority of US greenhouse gas (GHG) emissions is in the form of carbon dioxide 
produced from combustion and non-fuel usage of fossil fuels. Projections show US CO2 
emissions will increase from 6000 million tonnes per year to 8000 million tonnes per year 
by 2040. In addition, the Energy Information Administration (EIA) estimates, the 
combined CO2 emissions of India and China in 2040 will be three times that of US.3 
Therefore, no single nation’s action would sufficiently reduce GHGs emissions. This 
requires worldwide efforts to reduce global atmospheric CO2 through a cost-effective 
approach that can still sustain global economic growth. From an EIA report, the 
combustion of fossil fuels for power generation (i.e., electric power sector) accounts for 
over one third of anthropogenic carbon dioxide emission sources (Figure 1.1b).4-5  
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Figure 1.1. (a) Total US greenhouse gas emissions in 2009 and (b) US carbon dioxide 
emissions by energy sector.5 
 
 
CO2 capture and storage (CCS) from large point sources such as coal-based power 
plants, natural and synthesis gas processing plants, and cement plants is considered as a 
viable path towards greenhouse gas mitigation.6-7 Today, the main focus of CCS is coal-
based power plants.8 CCS consists of four primary steps; CO2 capture, compression, 
transport, and storage. The bottleneck of CCS development is the CO2 capture as other 
components of CCS (compression, transportation, and storage) are technologically 
mature and readily available.9 It is estimated that 1120 to 3400 billion tonnes of CO2 can 
be sequestrated in geological formations. Also there is an increased interest in using CO2 
3 
as a means to enhanced oil recovery (EOR) as well as in enhanced coal bed methane 
production (ECBM).10-11 Currently the conventional CO2 capture alone (through amine 
scrubbing) will increase the energy requirements of a plant by 25-40%.9, 12 Therefore, 
there is an immense need for developing efficient and cost-effective methods of CO2 
capture before geological sequestration, EOR, and ECBM is to be realized.  
This chapter presents a discussion of various CO2 capture processes from coal-
based power plants. In addition, an overview of CO2 sorbents suitable for different 
processes will be given. The chapter will conclude with an in-depth discussion of 
synthetic CaO-based sorbents for high temperature CO2 capture processes.  
 
1.2 Carbon capture technologies 
In recent years there have been many efforts to find less energy-intensive and 
more cost-effective ways for CO2 capture, which accounts for 75% of the overall cost of 
CCS.7 Regeneration energy followed by the capital cost of capture-specific equipment are 
the two factors contributing to the cost of CO2 capture.12 There are three basic approaches 
for CO2 capture: post-combustion, pre-combustion, and oxy-combustion. Pre-combustion 
capture is applicable to integrated gasification combined cycle (IGCC) plants while post-
combustion and oxy-combustion could be applied to conventional coal- or gas-fired 
power plants. Table 1.1 summarizes the typical gas compositions relevant to pre-
combustion and post-combustion processes.  
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Table 1.1. Typical gas compositions and properties relevant to pre-combustion and 
post-combustion processes.13 
 
 
Figure 1.2 illustrates the block diagrams of the three capture processes. In post-
combustion capture, CO2 is recovered from flue gas produced by burning a fossil fuel. 
The low pressure of the flue gas (ca. 1 atm) and low CO2 partial pressure (ca. 0.15 atm) 
present significant challenges to develop an economical capture process. Pre-combustion 
capture involves CO2 capture from process streams before the fuel is burned. In this 
approach, a high pressure gas stream with a high CO2 concentration (15- 60% by volume 
on a dry basis) presents a more favorable CO2 separation as a result. In the oxy-
combustion process, high purity oxygen is supplied by means of an air separation unit to 
burn the fuel. Therefore, compared to conventional post-combustion processes, the flue 
gas contains higher concentrations of CO2.  
Following sections give a more detailed overview of the post-combustion and pre-
combustion CO2 capture processes.  
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Figure 1.2. Block diagrams illustrating post-combustion, pre-combustion and oxy-
combustion systems.14 
 
1.3 Post-combustion CO2 capture processes  
Post-combustion design is referred to the CO2 capture processes from flue gases 
after fuel combustion and has the advantage that the equipment can be retrofitted to the 
existing infrastructures. Wet-scrubbing CO2 capture technologies have been in use for 
over 50 years and is based on primary alkanolamine MEA.15 In this process, CO2 is 
introduced at the bottom of a absorption tower where aqueous amine solution (25-30 
wt%) passes down the top of the tower. Adsorption temperature is ca. 40 °C; CO2-rich 
solvent then goes to a stripper tower where the mixture is heated to liberate CO2 (100-140 
°C and atmospheric pressure). The reaction between CO2 with amine occurs through a 
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zwitterion mechanism to form carbamates.16 For primary or secondary amines, the CO2 
loading capacity lies in the range of 0.5-1 mol CO2 mol-1 amine since a fraction of 
carbamate species is hydrolyzed to hydrogen carbonate (shown in Figure 1.3a)17-18. 
Tertiary amines react with CO2 through a different mechanism where amines catalyze the 
formation of bicarbonates as illustrated in Figure 1.3b.  So, it has a higher loading 
capacity of 1 mol CO2 mol-1 amine albeit with a lower reactivity compared with the 
primary amines.  
 
Figure 1.3. Mechanism of CO2 reaction with (a) primary or secondary, and (b) tertiary 
amines.17 
 
Development of conventional post-combustion design (using aqueous amines) 
faces a number of challenges which include considerable energy requirements for solvent 
regeneration and the necessary use of inhibitors to control corrosion and oxidative 
degradation of the amines.19 For this technology to advance liquids with lower heats of 
adsorption and amines with lower regeneration temperatures need to be developed.  
7 
 
1.4 Pre-combustion CO2 capture processes 
Due to the high operating pressure and high CO2 concentration in the pre-
combustion process, this process is one of the most economical options being considered 
for capturing CO2 in integrated gasification combined cycle (IGCC) power plants. 
In this configuration, coal is first partially oxidized to produce synthesis gas (i.e., 
a mixture of H2 and CO, syn-gas) by means of H2O and O2 at high temperature (800-
1000 °C). After removal of sulfur and particulates (referred to gas cleaning), syn-gas is 
converted to CO2 and H2 in water-gas shift reactors. The gas is fed to the combustion 
turbine with the products going to a heat recovery steam generator and steam turbine. A 
schematic of IGCC plants with CO2 capture is shown in the Figure 1.4.  
 
Figure 1.4. Schematic of an IGCC plant with a CO2 capture unit. 
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The water gas shift reaction is a technologically mature and important industrial 
reaction. One of the main applications is to produce high purity H2 in ammonia synthesis 
plants. The exothermic reaction that converts CO is limited at high temperature; 
therefore, the process is done in multiple catalytic reactors with heat removal units in 
between.  
Due to the exothermic nature of the reaction, first at high temperature (350-450 
°C), the amount of CO is reduced from 10-50 % to 0.3%. Catalysts at this stage are called 
high temperature shift (HTS) catalyst and are based on Fe2O3-Cr2O3 (e.g. 90-10 wt%). It 
may be noted that this type of HTS catalysts had been in use for more than 60 years. 
 HTS catalyst, Fe2O3-Cr2O3 (90-10%) has been mainly synthesized by co-
precipitation of the hydroxide followed by drying and calcination. Cr2O3 is added to 
prevent sintering of Fe2O3 at high temperature. Cr2O3 has an important structural and 
textural role in the catalyst’s performance.20 There has been substantial interest in making 
chromium-free catalysts by replacing it with other metals such as Al, Ga, Mn, and Cu. 
Results have shown that incorporating Al and Cu have similar but slightly lower 
performance compared to Cr addition. 21 
In the second, lower temperature stage (190-250 °C), the equilibrium is shifted to 
the favored hydrogen product. The catalyst for the second stage is called the low 
temperature catalyst (LTS) and is based on CuO-ZnO-Al2O3. CuO is the main catalyst 
component with ZnO and Al2O3 added to retard catalyst sintering.22 This catalyst was 
introduced in 1960 and has been in use ever since.23  
Figure 1.5a illustrates a conventional IGCC plant equipped with CO2 capture 
where CO2 is removed by means of an absorption tower running amine-based solvents 
9 
(e.g. monoethanolamine) at relatively low temperature. This imposes large energy 
penalties due to repeated gas cooling and reheating steps as well as corrosion and 
oxidative degradation.  
To improve efficiency of the whole process, high temperature CO2 adsorption can 
be combined with the water-gas-shift (WGS) reaction. This process is called sorption–
enhanced water–gas shift reaction (SEWGS) process.24-26 In SEWGS, a solid sorbent is 
employed to capture the CO2 generated. This approach has several advantages over 
conventional IGCC with solvent-based CO2 capture. The process eliminates the need for 
multiple catalytic reactors, a separate CO2 removal unit, and several gas cooling and 
reheating steps27-29 (see Figure 1.5b). Overall the SEWGS process increases the process 
efficiency and reduces CO2 capture costs. A key technical issue of SEWGS is to identify 
and develop sorbents that can capture CO2 under high pressure and high temperature 
syngas conditions and minimize or even eliminate the need for WGS catalysts. 
Currently, there are two operating IGGC plants in the US. The Polk Power Station 
near Mulberry, Florida was opened in 1997 and is capable of generating 313 megawatts 
of electricity, 250 megawatts of which are supplied to the electric grid. The second plant, 
the Wabash river IGCC plant was opened in 1995. This plant can generate 292 
megawatts of electricity, 262 megawatts of which are supplied to the electric grid.30 
Neither is equipped with a CO2 capture unit. SEWGS process is not currently feasible 
due to high costs of CO2 capture.1 
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Figure 1.5. Schematic of an IGCC plant with (a) solvent-based CO2 capture process and 
(b) a sorption enhanced water-gas-shift reaction for a pre-combustion design.  
 
The advancement of either of the technologies discussed above requires finding 
more cost-effective capture processes/materials. Thus, there exists a serious need for 
research on various and innovative CO2 capture materials in order to reduce the time to 
commercialization.31 
There are four approaches to the separation of CO2 from other light gases: 
cryogenic distillation, membrane purification, absorption with liquid, and adsorption 
using solids.32 Among those, there is a growing interest in using adsorption processes as a 
promising alternative separation technique. Next section reviews the current progress in 
the field of solid adsorbents for CO2 separation. 
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1.5 Solid sorbents overview and properties 
Adsorption processes have many advantages compared to other separation 
techniques. These include reduced energy for regeneration, greater capacity, selectivity, 
ease of handling, etc. Solid sorbents are typically employed in a cyclic mode of 
adsorption and desorption with desorption induced by a pressure and/or a temperature 
swing approach. Regeneration of solid sorbents is a less energy-intensive process than 
amine-based CO2 absorption as water is absent in the process.  
In general, sorbents are evaluated based on several criteria including cost, 
adsorption capacity, adsorption/desorption kinetics, operating window (i.e., temperature 
and pressure), mechanical strength, impact of contaminants, and multicycle stability. 
Satisfaction of the last criterion, the durability of the sorbent in a cyclic operation, plays a 
critical role in advancement of a new process/material to commercialization. Figure 1.6 
illustrates the capacity and operating window for solid sorbents that are under 
investigations for CO2 capture. Activated carbon, zeolite, and silica supported amines are 
considered to operate at low to moderate temperature whereas hydrotalcites, lithium 
zirconate, and CaO-based oxides are identified as viable CO2 sorbents for relatively high 
temperature capture. Therefore the first three are typically investigated for an application 
in the post-combustion design 33-36 and the other three, along with metal-organic 
frameworks, are considered for the application in “pre-combustion”, (i.e., after water-gas 
shift (WGS) but before power generation). 37-39 Sorbents that operate at relatively high 
temperature (i.e. CaO) are particularly attractive choices for a pre-combustion scheme to 
integrate with WGS or methane steam reforming processes.40-41 
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Figure 1.6. Solid sorbents overview for CO2 capture. Image adapted from reference 8. 
 
In the next following paragraphs an overview of CO2 sorbents and their properties 
will be given.  
1.5.1 Low temperature sorbents 
Zeolites are a class of porous crystalline aluminosilicates with varying Si:Al 
ratios. To date, over 170 unique zeolite topologies have been indexed.42 The presence of 
aluminum in these molecular sieves introduces negative charges that need to be 
compensated with exchangeable cations, often alkali ions.43 The dominant process in CO2 
adsorption on zeolites is physisorption although a small fraction of adsorbed CO2 (ca. 
0.15 mmol g-1) is chemisorbed in the form of a carbonate or carboxylate.44 The CO2 
capacity of zeolites greatly depends on the zeolite structure itself and the temperature and 
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pressure of adsorption. However, at 1 bar and 0 °C, many zeolites are reported to adsorb 
1-5 mmol of CO2 per gram of sorbent. CO2 adsorption kinetics on zeolites can be ranked 
the fastest known reaching the equilibrium capacity within a few minutes (70 % of full 
capacity within 20 seconds).45 High humidity or temperature increases the limits of the 
application of zeolites to operation under mild conditions. 
Activated carbons (AC) are widely used as adsorbents in various industries such 
as water treatment, gas purification, etc. due to low cost, high surface area (e.g. >1000 
m2/g) and wide availability. Because AC physically adsorbs CO2, the capacity decreases 
rapidly as the temperature increases (e.g., from 3.2 to 1.6 mmol g-1 when temperature 
increases from 288 to 328 K at 1 atm). Therefore, AC is best suited for low temperature 
applications (e.g. CO2 capture from flue gas). The heat of adsorption of AC is lower than 
that of zeolites (-30 vs. -36 kJ mol-1), so they are easier to regenerate.46 To improve 
adsorption properties of AC toward CO2 efforts focused on modifications of the surface 
functionalities. The surface modification can be pursued either by removing the oxygen 
containing groups with heat treatment or by introducing nitrogen containing moieties 
such as amines.47-48 Ammonia treatment at high temperature is an example of carbon 
surface modification.49 The presence of water adversely affects the capacity of AC for 
CO2 because water competitively binds the reactive sites.50 
Silica supported amines are a relatively new class of sorbents being developed to 
decrease the amount of energy required for regeneration of conventional amines in wet-
scrubbers. The portion of the regeneration cost can be avoided by eliminating H2O in 
exchange of solid silica with a lower heat capacity (0.8 kJ kg-1K-1 vs. 4.2 kJ kg-1K-1).51 
Also, in the case of supported amines, degradation due to evaporation and vessel 
14 
corrosion is less of an issue. Amines can be covalently bound to porous silica or they can 
be physically impregnated.52 To synthesize these materials, silica support is generally 
suspended with an amine of choice and a volatile solvent. The most commonly practiced 
amine in the literature is poly(ethyleneimine) (PEI) which has a high nitrogen content by 
weight (33%).53 Properties of silica support itself (such as surface area, porosity, surface 
functionality) impact its CO2 adsorption characteristics.  
Silica supported amines have reported to have moderate CO2 capacity in the range 
of 2.02-5.02 mmol g-1 under dry conditions.54-55 The key factor determining the 
degradation temperature is the type of amine used. For PEI, the degradation temperature 
has been reported to be 205 °C and 300 °C.52 In theory, presence of water should improve 
the maximum amine efficiency from 0.5 to 1 mol CO2 mol-1 N due to formation of 
carbonates and bicarbonates but this may not be always the case because H2O and CO2 
can competitively adsorb.56 
An emerging class of materials under extensive research for CO2 separation is 
metal organic frameworks (MOFs). MOFs consist of three dimensional organic-inorganic 
hybrid networks formed by multiple metal-ligand bonds. MOFs possess a very high 
surface area (>2000 m2/g).57 MOF surface area, porosity and other physical properties 
can be tuned to increase the affinity for separating a target gas molecule.58 They are 
typically synthesized by a mixture of ligands and metal precursors under hydrothermal or 
solvothermal conditions. Guest molecules are then removed by vacuum or exchanged 
with volatile molecules. The heat of adsorption of CO2 on MOFs is low and comparable 
to those of physical adsorbents such as zeolite.59 Reports have shown that the CO2 
capture capacity of a MOF is pressure dependent; at atmospheric pressures it is lower as 
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compared to other physical adsorbents. At high pressure (e.g. 40 atm) it can reach to 33.5 
mmol CO2 g-1 sorbent.60 A prerequisite for future use of MOF for CO2 separation is an 
improved ability to tolerate highly humid atmospheres. Currently research efforts are 
devoted to enhance its water-stability issue as well as multicycle applicability and 
competitive adsorption.61 
1.5.2 High temperature sorbents 
A class of lithium-based oxides such as Li2ZrO3 or Li4SiO4 has been studied 
recently for high temperature CO2 adsorption according to the following reversible 
reactions. As first reported by Nakagawa, these materials are capable to adsorb CO2 up to 
28 and 36 wt%, respectively. 62-63 
Li2ZrO3	൅	CO2	↔	Li2CO3	൅	Zrܱଶ	,	∆H	ሺ298	Kሻൌ	‐160	kJ	mol‐1	  (1.1) 
Li4SiO4	൅	CO2	↔	Li2CO3	൅	Li2Siܱଷ	,	∆H	ሺ298	Kሻൌ	‐142	kJ	mol‐1  (1.2) 
 
These sorbents are selective for CO2. They also possess high thermal stability at 
high temperatures and good regeneration characteristics compared to other oxide based 
sorbents. The major drawback of this type of adsorbents is their slow kinetics in CO2 
adsorption making them impractical for industrial use (i.e. two days required to reach the 
equilibrium even at 873 K)64. Significant research effort has been directed at this 
limitation mainly by reducing particle size or by introducing dopant species (such as 
potassium carbonate, lithium carbonate and sodium zirconate).64-65 In one study, it is 
shown that addition of potassium carbonate increased the reaction rate of lithium 
zirconate by 40 times at 500 °C. The authors proposed a double shell mechanism where 
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eutectic molten lithium/potassium carbonates at the outer shell facilitated CO2 diffusion 
during the adsorption process.66 
Hydrotalcite compounds, also known as layered double hydroxides (LDHs), 
belong to a class of anionic clays and have the general formula [M+21-x M+3x (OH)2]x+ 
·(Am-x/m ·nH2O)x- where M2+ = Mg2+, Ni2+, Zn2+, Mn2+ or others and M3+= Al3+, Fe3+, 
Cr3+ or others. The structure is composed of positively charged brucite-like layers in 
which trivalent cations substitute for some of divalent cations. Water and Am-(CO32-, 
SO42-, NO3-, Cl-, OH- or others) compensate the excess positive charge resulting in a 
charged-balanced framework.39, 67 
CO2 capacity of hydrotalcite compounds are somewhat lower than those of other 
chemisorbents (<1 mmol g-1).68 CO2 capacity of hydrotalcites can be tuned by controlling 
the type and amount of divalent, trivalent cations and anions. For example, adsorption 
capacities were found to change from 0.2 to 0.5 mmol g-1 if the anion changed from OH- 
to CO32- because of increased interlayer spacing.68 A framework based on Mg2+ and Al3+ 
cations showed the best performance among hydrotalcites.67 Unlike activated carbon or 
zeolites, the presence of water has been reported to favorably influence the CO2 
adsorption capacity of hydrotalcites compounds (0.61 mmol g-1 under dry conditions vs. 
0.71 mmol g-1 under wet conditions).69 
Among high temperature CO2 adsorbents, CaO-based materials are particularly 
attractive choices due to their relatively low cost, high capacity, fast 
adsorption/desorption kinetics and selectivity toward CO2. Based on the study conducted 
by the Abanades group, CaO would cost $0.0015 per mole of captured CO2 while 
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activated carbon, zeolite and hydrotalcite would cost $0.25, $0.20, and $4.00 per mole of 
CO2, respectively.70-71  
However, CaO suffers from rapid performance degradation over multiple cycles 
of adsorption and regeneration.72-74 This phenomenon is mainly caused by CaCO3 
sintering during the regeneration step,8 which causes pore blockage, loss of surface 
area74-75 (microporosity), and leaves unreacted CaO sites in the sorbent matrix as shown 
in the figure 1.7.76 As a result, CaO sorbent loses its capacity after multiple cycles to ca. 
20-25% of the initial value.74 The initiation of material sintering occurs at the Tammann 
temperature, which is estimated to be around half of the melting point (in degree K). The 
Tammann temperature of CaCO3 is about 533 °C.77 Because the regeneration occurs 
around 900 °C, sintering is considered an inherent weakness of CaO at high temperature 
CO2 capture applications.78   
 
Figure 1.7. Schematic description of the transformation of a calcium oxide adsorbent in 
carbonation/calcination cycles. The amount of unreacted CaO is increased cycle to cycle. 
Image adapted from reference.76  
 
Theoretically, 56 g of unsupported CaO should react with 44 g of CO2 which 
yields a maximum CO2 capture capacity of 0.786 g CO2 g-1 sorbent. It is widely accepted 
in the literature that CO2 adsorption on CaO in the carbonation phase occurs in two 
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regimes: an initial rapid reaction rate followed by a slower second stage which continues 
to reach the maximum conversion.73 Initial CO2 adsorption on free surfaces of CaO 
produces a thin layer of CaCO3 with 30-50 nm thickness79. First phase of carbonation is 
of a great interest in practical applications80 and its kinetics is influenced by CO2 
concentration and adsorption temperature. After that, CO2 adsorption is controlled by a 
much slower phase characterized by the diffusion of CO2 through the solid CaCO3 layer. 
To tackle the stability issue of CaO, different strategies have been examined over 
years. The goal is to increase the active surface area while preparing a more stable pore 
structure. The strategies include use of supports/binders to improve the structural stability 
of sorbents, particle size reduction down to the nanometer scale, use of rigid porous 
carriers for CaO, and use of synthetic precursors to produce rich microporous CaO 
sorbents.8, 81  
The next section is devoted to the review of CaO-based sorbents developed in the 
last few years with enhanced stability. Reactivation of CaO sorbents by hydration, 
chemical treatment and preparation of CaCO3 nano-materials are briefly reviewed. 
Following that, more in depth discussions on the use of supports/binder will be given. 
 
1.6 Synthetic CaO-based sorbents with enhanced CO2 capture stability 
It has been shown that CaO sorbents can be partially regenerated upon 
hydration.82-83 Hydration of CaO leads to an increase in molar volume due to formation 
of hydrated lime, Ca(OH)2. This causes a popcorn effect to happen that results in surface 
cracking and increase of surface area.84 Figure 1.8 shows CaO conversion profile during 
carbonation for the cases with and without steam introduction. As can be seen, the same 
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conversion is achieved in both cases in the fast carbonation phase (first few minutes). But 
when the steam is introduced during the second slow reaction stage, the conversion rate is 
increased by a factor of 3-4. This demonstrates that steam helps in the product layer 
diffusion stage.85   
 
Figure 1.8. Conversion profile of a pre-calcined natural limestone at 600 °C, 20% CO2.85   
 
In another study, CaO was reactivated by a prolonged carbonation phase (30 
minutes) allowing it to react in the diffusion-controlled regime. This self-reactivation 
phenomenon was attributed to the changes occurred in the sorbent’s pore skeleton during 
thermal pretreatment.86-87  Thermal reactivation also proved to be an efficient technique 
to improve the sorbent durability. In the work by Albrecht et al. the capacity of a 
limestone sample calcined at 1100 °C for 5 h was 45 % greater than that of a sample 
calcined at 900 °C for 3 h by the end of 1200 cycles of carbonation/calcination.88 
CO2 capture of CaO derived from CaCO3 nanoparticles was first investigated by 
Barker.89 In this study, for the CaCO3 with 10 nm size (and surface area, 200 m2 g-1) the 
capture capacity was sustained through 30 cycles of calcination/carbonation (0.73 g CO2 
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g -1 sorbent). The carbonation time was 24 h which is not practical in industrial 
application. Under more realistic conditions, Florin and Harris observed decay in the 
capacity of nano-sized CaO where it reached a residual capacity of 0.16 by cycle 100 
which was a factor of two larger than that of a natural limestone. 90 
In an alternative synthesis approach, flame spray pyrolysis (FSP) was utilized to 
obtain a series of nano-sized CaO particles doped with Si, Ti, Cr, Co, Zr, and Ce.77 FSP is 
used as a continuous synthetic method of large scale production of high surface area 
carbon black, fumed Silica, alumina, and etc. with high purity.91 The capture capacity of 
FSP-made nano CaO was higher than that of natural lime. ZrO2 doped CaO with 3:10 
molar ratio showed the highest resistance to sintering.77 This material was further studied 
for a prolonged cyclic operation (i.e. 1200 cycles) and showed a stable capacity.92 
Yang and coworkers synthesized hollow structured CaO-based sorbents (so-called 
CaO nanopods) that retained 60 % of their capacity after 50 cycles. These nanopods sized 
200 nm in width and 600 nm in length were prepared by bubbling CO2 through a 
Ca(OH)2 slurry in the presence of a triblock copolymer surfactant 
(PEO20PPO70PEO20).93 
The issue of CaO deactivation has attracted many researchers to find ways to 
mitigate this phenomenon before CaO can be of practical use. The focus in most of these 
studies is on addition of supports/binders to CaO sorbents such as refractory metal 
oxides, which in some cases lead to formation of mixed oxides at high temperatures. 
Some of the recent works is reviewed below. 
Addition of alumina to CaO sorbents has been greatly investigated in the 
literature. In most cases, the formation of mayenite phase (Ca12Al14O33) has been reported 
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at high temperatures (800-1000 °C)94-95. The efficiency of the prepared sorbents is 
attributed to the formation of the thermally stable mayenite phase uniformly dispersed 
throughout the CaO sorbent. This prevents excessive growth of CaO grains upon 
treatment at high temperature (i.e. during calcination). The process of synthesis of such 
materials is mostly done in batch. For example, in the work by Li et al.95-96 the composite 
sorbents were synthesized by adding Al(NO3)3·9 H2O into the desired solution and 
subsequent calcination or by precipitating CaCO3 and Al(OH)3 as showed in the work by 
Florin et al.97 A capture capacity of 0.4 was retained after 50 cycles of 
carbonation/calcination (20% CO2, 30 min , 700 °C and 850 °C, 100% N2, respectively) 
for the sorbent with CaO: Ca12Al14O33 75:25 wt%. In some recent works, organic 
templates such as carbon98 or sulfonated  polystyrene99 were used to form a hollow 
structure which also shows an improved stability of the developed sorbents.  
Alumina was also used as a high surface area carrier of fine CaO particles. In the 
work by Feng et al.100 CO2 sorbents were synthesized by wet impregnation of granular γ-
alumina and CaCl2 as the raw materials.  The sorbent maintained a high capture capacity 
of 0.7 after 9 cycles compared with just 0.16 for raw CaO. Nonetheless, a major 
drawback of this work is the low amount of CaO loading (only 4.3 wt% after two 
coatings) and translates into a dramatic increase in regeneration energy requirement for a 
practical application. 
MgO binder has been extensively studied throughout the literature.101 Li et al.102 
reported an improved stability of CaO-based sorbents over 50 cycles of 
carbonation/calcination. The sorbents were synthesized by calcination of a physical 
mixture of Ca(CH3COO)2 with small magnesia particles. A sorbent with 26 wt% MgO 
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yielded a capture capacity of 0.53 after 50 cycles compared to 0.26 in the case of pure 
CaO. Moreover use of MgC2O4 showed even greater improvement in the sorbent’s 
stability. Interestingly, among the preparation methods tested, sorbents prepared via 
physical mixing outperformed others made differently. The same authors then reported 
the preparation of CaO/MgAl2O4 particles through ball milling a 2-propanol slurry 
containing Ca(CH3COO)4 and Mg2Al2O4 particles followed by drying and calcination.103 
It showed a superior CO2 capture capacity as compared to CaO/MgO composite or 
natural dolomite. 32 wt% MgAl2O4 doped material had a stable capture capacity of 0.34 g 
CO2 g-1 sorbent where CaO/MgO and natural dolomite capacities were 0.2 and 0.05 g 
CO2 g-1 sorbent.  In another study by Albrecht et al.104 composite MgO/CaO sorbents 
showed 45% enhancement in maintaining the sorbent’s capacity over 1250 cycles 
compared to pure CaO.  
In several studies the effect of SiO2 on the CaO sorbents has been studied. In the 
work by Li et al.105 a hydrated mixture CaO and rich husk ash (high in SiO2 
concentration) exhibited an enhanced CaO conversion at atmospheric pressure. The 
authors attribute this behavior to formation of the high melting point calcium silicate 
which mitigates the lime sintering during calcination.106 Calcium silicate has a Tammann 
temperature of 930 °C whereas SiO2 has a relatively low Tammann temperature (730 °C). 
In addition, it has been shown that Ca2SiO4 can reversibly sorb CO2 in a broad range of 
temperature between 500-850 °C. The maximum capture capacity of 0.46 was observed 
for 800 °C and it decayed to 0.2 after 40 cycles.107 On contrary, no CO2 adsorption was 
observed by silicates formed by the reaction of CaO and SiO2 during pre-calcination of 
Ca(OH)2 and nano SiO2.108 This result shows a strong example where preparation method 
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and reaction conditions play a significant role in the CO2 capture properties of a potential 
sorbent.  
Other than alumina, magnesia, and silica mentioned above, various binders such 
as sodium and other alkali metals,109-112 titania,113-114 lanthanum,88, 115 yttria,116 and etc. 
are under investigation.  
 
1.7 Conclusion 
Capture and storage of CO2 has been recognized as a promising approach to 
mitigate the rapidly increasing level of CO2 in the atmosphere. The key factor for the 
advancement of this technology lies in improved and cost-effective capture 
processes/materials. At this point, there is no superior scenario: each method has its own 
advantages and disadvantages, as discussed. In addition to the numerous technical 
challenges surrounding CCS, political, regulatory, and economic drivers will also play a 
significant role here which will ultimately dictate the time-to-deployment of CCS 
technologies.  
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CHAPTER 2: NON-TRADITIONAL SYNTHESIS OF METAL OXIDES 
 
 
 
2.1 Introduction 
 
This chapter presents a detailed discussion of two synthetic approaches employed 
for the work throughout this dissertation; mechanochemistry and ultrasonic spray 
pyrolysis. These are two non-traditional methods for preparation of inorganic compounds 
such as metal oxide, metals, metal hydride and many more. In contrast, traditional 
synthetic methods include hydrothermal, precipitation, solid-state reaction, and etc. The 
mechanochemical approach is an example of top-down synthesis of materials, while 
spray pyrolysis is considered a bottom-up approach.  
 
2.2 Mechanochemistry 
 Mechanochemistry is a branch of solid state chemistry which is concerned with 
chemical and physicochemical transformations of substances induced by the application 
of mechanical energy (e.g., by grinding, etc.). Grinding is a general term describing 
mechanical action by hard surfaces on a material, normally to break up the material and 
reduce its particle size. Mechanochemistry has a long history in powder processing for 
making alloys, composites, and structural materials.1 Mechanochemical processing 
typically consists of loading a powder mixture in a container together with ceramic or 
steel balls and milling for the desired length of time. In this technique materials undergo 
repeated deformation, fracturing, and cold welding in a high energy ball mill.2 At initial 
stages of milling, particles are flattened due to the high energy collisions of the balls. 
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Ductile particles tend to deform easily as opposed to brittle ones which mostly undergo 
fragmentation. At intermediate stages cold welding becomes significant and a laminated 
structure is formed. At the end the two processes in the mechanical milling, 
fragmentation and cold welding, reach an equilibrium and a finely dispersed composite 
structure is recovered.1 Figure 2.1 illustrates a schematic of the mechanochemical 
processing. 
 
Figure 2.1. Evolution of materials microstructure in a mechanochemical approach. 
Materials undergo deformation, re-welding, intermediate phase changes and at the end a 
composite structure is recovered.1 Chemical reactions may also occur during the process 
if applicable. 
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The mechanochamical processing offers some advantages over other traditional 
synthetic approach including greater efficiency with regards to time, materials and energy 
usage, lower reaction temperatures, increased reaction rate, and reduced solvent usage. It 
has also shown to be useful in discovery of new products with improved reactivity.3-4 
It is important to note that mechanochemistry as a route to synthesize chemicals 
can speed up reactions between solids either with no or minimal amount of solvents. Our 
dependence on solvents, mostly derived from fossil fuels, is unsustainable due to high 
energy requirements (for production, purification and recycling) and environmental 
wastes as a result of low recovery rates.5-6 
 
2.2.1 Milling equipment 
Mechanical activation on materials is conducted through different mechanical 
forces (stresses) such as compression, shear (attrition), and impact (stroke and collision).7 
Based on the equipment configuration, one or several of the forces above are in action. 
Figure 2.2 illustrates the principles of most frequently used mill apparatuses. This section 
is devoted to description of several important milling equipment and their advantages and 
disadvantages.  
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Figure 2.2. Types of mills for high-energy milling (A) ball mill (B) planetary mill (C) 
vibration mill (D) attritor – stirring ball mill (E) pin mill (F) rolling mill. 8 
 
 
A vibratory mill consists of a chamber where the material is loaded. The milling 
media are usually balls, rods, or cylpebs. The milling chamber then is set in motion along 
a circular or elliptic trajectory by the rotation of out-of-balance weights. The performance 
of a vibratory mill is characterized by high frequencies but low amplitudes. Vibration 
mills are frequently used for the preparation of very fine, nano-sized products.9 
Mechanical activation in this type of mill usually requires long milling times and it is 
often carried out as a batch process. An important disadvantage of vibration mills is low 
throughput of materials considering the high-input of energy applied. 10  
SPEX SamplePrep Mixer/Mills is a variant of the vibratory ball mill developed in 
US and has been used in research laboratories. The common variety of the mill has one 
vial containing the sample and milling balls, secured in the clump and swung 
energetically back and forth several thousand times a minute.11 The back-and-fourth 
shaking motion is combined with lateral movements of the end of the vial. 
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Planetary milling exploits the principle of centrifugal forces on materials 
processing. In this configuration, vials and supporting disc rotate in opposite directions. 
Planetary mill owes its name to the planet-like movement of its vials. The charge inside 
the vial experiences two relative motions of rotating around the mill axis and around the 
vial axis as shown in Figure 2.3.  
 
Figure 2.3. Rotation of the vial along the mill axis and its own axis in a planetary 
fashion.12  
 
It has been reported that one can achieve high mechanical activation in a 
planetary mill in a relatively short period of processing time. In the past years, industrial 
scale planetary mill capable of operating in a continuous fashion has been manufactured. 
The productivity of these mills has been shown to be significantly higher than 
conventional mills. 13-14  
Another important class of milling equipment, the attrition mill, is considered to 
be the first high energy ball mill used for mechanical alloying.15 The mill has originally 
been used for applications in pharmaceutical and chemical industry and later used for 
powder and extractive metallurgy. Attrition mill consists of a chamber with a rotating 
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shaft in center. Impellers protruded from the central shaft help energize the balls charge, 
causing powder size reduction due to impact of balls themselves and balls with container 
wall, shaft and impellers.16 Continuous attrition mills can handle large quantities of 
material and have a high circulation rate. 
 
2.2.2 Process variables 
In the mechanochemical synthesis there are certain parameters affecting the result 
of processing, including milling type (intensity and mode of mechanical action), grinding 
media (vial and balls), milling atmosphere, milling time, ball to powder ratio, and 
presence of a process control agent (PCA).  
Use of a process control agent (also known as a surface agent) reduces excessive 
cold welding and particle agglomeration by lowering the surface tension of solid particles 
at intermediate and final stages of the milling process. It also increases the product 
recovery efficiency. About 1–2 wt.% of a process control agent (usually stearic acid, 
methanol, ethanol, propanol etc.) may be added to the processing powder.2 
Milling atmosphere may arise contamination issues so the process is typically 
carried out in an inert atmosphere such as Ar and He. On the other hand, reactive gases 
such as H2 and air have been employed to produce nanocrystalline hydrides and oxides, 
respectively.17 
Balls and the grinding vial are typically chosen from the same materials and are 
commonly made of stainless steel, tempered steel, tungsten carbide, zirconia, agate, 
alumina, and silicon nitride. The specification of common materials is listed in Table 2.1. 
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In general, high-density and larger balls give better results because of high impact forces 
on the powders. The balls should be denser than the material to be milled.  
Table 2.1. Milling media in high-energy milling18 
 
 
The ball to powder ratio which represents the weight of milling balls to powder 
charge is another important parameter to consider. A wide range of ratios has been 
reported from 1:1 to 220:1, based on the application in mind.18 In addition, about 50% of 
the space in grinding vial is left empty and in attrition mills, this value is 20–30%. 
Milling time is an important parameter in mechanochemical synthesis and it has 
to be properly selected. Substantial reduction in particle size usually occurs with milling 
time and typically takes the form of exponential decay. Prolonged milling processing, 
however, increases the contamination level and might induce formation of undesirable 
phases. Lastly, milling intensity or speed is dependent on the milling equipment and it 
needs to be carefully examined for the specific application.  
 
2.2.3 Inorganic materials synthesis  
Inorganic materials represent the most established area of mechanochemical 
synthesis. Mechanochemistry in the modern era started with “mechanical alloying”, a 
process of combining elements or alloys. Simple combination of alloys and elements in 
ball mills has produced Cu-Co,19 Fe-Mo,20 and Mn-Al alloys21. To avoid atmospheric 
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oxidation, the reactions were conducted in an inert environment (e.g., Ar). In an 
alternative approach, an oxide and a reducing metal were combined to synthesize a 
homogenous alloy; for example in the cases of TiMg22 from the reaction of TiO2 and Mg 
and PbTe23 from the reaction of PbO and Te. Additionally, numerous multimetallic 
oxides have been created by mehcanochemistry including CrVO4,24 LaVO4;25 perovskites 
such as LaCrO3,26 LaMnO3,27 and PbTiO3;28 spinels like MnFe2O4,29 ZnFe2O4,30 and 
NiFe2O4;31 and Ruddlesden-Popper compounds such as Sr3Ti2O7 and Sr2TiO4.32-33 Unlike 
alloys, these reactions do not need an inert atmosphere because all the materials are 
already fully oxidized. Compared to alloy synthesis, the oxide processing time is 
generally shorter (i.e., 2-24 h vs.  24-300 h).24-25, 30 
In some cases that direct combination of oxide powders does not lead to complete 
chemical reaction, mechanical processing can still result in a mechanical activation. To 
allow complete conversion, this step is then followed by a heat treatment at lower 
temperature than in traditional ceramic synthesis (800 °C vs. >1100 °C in the case of 
CaZrO3 synthesis34). 
This method has also induced displacement reaction to occur. An example is the 
reaction of ZnCl2 and Ca(OH)2, to produce ZnO nanoparticles in a CaCl2 matrix (with 
loss of water vapor).35 Washing with water can remove CaCl2 to recover ZnO 
nanoparticles. Similar displacement reactions with salt products have been used to 
synthesize ZrO2,36 Cr2O3,37 CaCO338 ,and Nb2O539. 
There has also been interest in mechanochemically synthesized halides as fast ion 
conductors40 (e.g., NaSn2F5) as well as sulphides as semiconductor nanoparticles41 (e.g., 
CdS).  
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In this work, we have not utilized the potential of mechanochemistry for 
conducting a chemical reaction. But rather we focused on the capability of the method for 
production of well-distributed components with a reduced particle size and an increased 
surface area. As will be discussed in Chapter 3, the important parameters of milling 
including intensity, grinding time and use of process control agent were carefully 
examined.  
2.3 Aerosol synthesis of materials 
 
Aerosol synthesis of materials involves a number of physicochemical processes 
including gas-phase chemical reaction, precursor decomposition, 
evaporation/condensation, diffusion and phase transformation and particles’ collision, 
agglomeration, coalescence, and etc. These processes are illustrated in Figure 2.4.  
 
Figure 2.4. Schematic of physicochemical processes in aerosol syntheses.42 
MLn=organometallic precursor, L= ligand, M=metal.  
 
Spray pyrolysis is an example of aerosol-assisted synthesis of materials and it has 
been used for film and fine powders production.42-43 This is an industrially scalable 
continuous process. In general, spray pyrolysis involves the thermal decomposition of 
aerosols (i.e. droplets) in a gas flow. A precursor solution is first atomized into droplets 
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by means of a nebulizer and then it goes through solvent evaporation, precursor 
decomposition, and product densification steps in a heated environment (flame, furnace 
or other energy sources). In principle, solution-based aerosol processes, unlike most 
solution processes, integrate precipitation, thermolysis and sintering stages of powder 
synthesis into a single continuous process.43 Schematic of the processes in spray 
pyrolysis is shown in Figure 2.5 and it is used to produce fine powders or if a heated 
substrate is used, to make thin films.42 Spray drying on the other hand does not involve a 
decomposition reaction; only physical processes (such as solvent evaporation) are 
employed to produce the product.44     
 
Figure 2.5. Schematic depicting the physicochemical processes in spray pyrolysis 
 
2.3.1 Nebulization methods 
Atomization is the key parameter in determining particle size or the morphology 
of the generated film (in the case of a heated substrate). Several types of driving force can 
be employed for atomization process: pressure (in jet or air-assisted nebulizer), 
centrifugal (in rotary nebulizer), electrostatic, and ultrasonic energy.45 Table 2.2 provides 
a comparison of different atomization methods; jet, gas-assisted, and rotary nebulizers are 
well suited for industrial production of fine powders because of high precursor delivery 
rate. In the jet configuration, precursor liquid is forced through a small orifice under high 
pressure. Capillary waves along with high pressure cause the liquid break-off from the 
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surface. It generates a broad particle size distribution (10-1000 μm). In the gas-assisted 
nebulization,46 a high pressure stream of gas is directed toward the jet of liquid causing 
an aerosol to form. Droplets produced using the gas-assisted method are smaller 
compared to the jet method (<1000 μm) but method requires large volumes of gas. In 
rotary nebulizers,42, 47 precursor liquid is directed toward the flat disk spinning at high 
speed causing it to leave the atomizer at high energy and break apart. In electrostatic 
nebulizers,48 electric charge is directly transferred to the stream of liquid. As the 
repulsive electrostatic forces build up, the stream is caused to disintegrate info fine 
droplet. This method has the advantage of narrower droplet size distribution as compared 
to the previously discussed atomizers. In addition, it is more versatile as the charged 
droplets can be manipulated using electric field.   
Among the techniques mentioned above, ultrasound produces the smallest droplet 
size in the range of 1-10 μm. The use of ultrasonic nebulizers has been favored because 
of high energy efficiency, affordability (e.g. in household humidifiers) and the low 
velocity of initial aerosol.49 In the next section, a detailed overview of this nebulization 
technique as well as ultrasonic spray pyrolysis will be provided. 
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2.3.2 Ultrasonic spray pyrolysis 
Ultrasonic spray pyrolysis (USP) is one of the attractive reaction pathways to 
synthesize metal oxides. In this method, high purity and agglomeration-free particles are 
produced rapidly in a continuous fashion. In USP, aerosol droplets are produced by a 
high frequency ultrasound nebulizer. Each droplet serves as an individual microreactor 
and is carried through a tubular furnace by a carrier gas (Ar, N2, O2, etc) where solvent 
evaporation and chemical reactions/decompositions (in the particles or with gas 
constituents) occur. Figure 2.6 shows a schematic of a USP set-up generally used in the 
Suslick lab. After the droplet to particle transformation step, the solvent-free product 
must be collected.  
Table 2.2. Comparison of different nebulization methods 
Nebulizer type Droplet size (μm) 
Droplet size 
Distribution Gas flowrate 
Droplet 
delivery rate 
Ultrasonic (submerged) 1-10 narrow low low 
Ultrasonic (nozzle) 10-1000 medium low medium 
Electrospray <1 to 1000 narrow low low to high 
Rotary 10-1000 broad low high 
Air-assisted <1000 broad high high 
Pressure (jet) 10-1000 broad low high 
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Figure 2.6. A typical apparatus of ultrasonic spray pyrolysis (USP) 
 
Figure 2.7. A schematic drawing of ultrasonic nebulization of a liquid (left), and a 
photograph of an ultrasonic fountain with 1.7 MHz nebulizer (right). A submerged 
piezoelectric transducer shown in orange and propagating sound waves marked in blue. 
Adapted from reference.42  
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The droplet size in ultrasonic nebulizers is dependent on the applied frequency 
and liquid properties (such as surface tension and density) which is well described by the 
Lang equation below:50 
ܦௗ௥௢௣௟௘௧ ൌ 0.34 ൬8ߨߛߩ݂ଶ൰
ଵ ଷൗ
 
(1.1) 
 
Where D is mean droplet diameter, γ (N m-1) is surface tension, ρ (Kg m-3) is 
solution density, and ƒ (MHz) is the ultrasonic frequency. When water is used as the 
solvent, spherical droplets with mean diameter of 3 μm can be obtained if the following 
parameters are considered: 7.2 × 10-2 N m-1 for γ, 1 g cm-3 for ρ at 25 °C, and 1.7 MHz 
for ƒ.    
A typical USP apparatus consists of a submerged ultrasonic nebulizer at the base 
of a vessel. Ultrasonic atomization is a result of capillary waves at the surface of the 
liquid. Momentum of the waves is transferred through the liquid and when the amplitude 
of the surface capillary waves is sufficiently high, the crests (peaks) break off and result 
in liquid droplets as shown in Figure 2.7.42   
After the droplet-to-particle transformation step, the solvent-free product must be 
collected. The product particle diameter, Dp, is dependent on the concentration of starting 
solution (Cs), molecular weight (M), and the product density (ρ). Plugging the parameters 
above in the equation below gives an estimation of the particle size of the product. 
ܦ௣ ൌ ቆܯܦௗ
ଷܥ௦
1000ߩቇ
ଵ ଷൗ
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Based on particle size, material type and mass of the products several pieces of 
equipment for collection of products have been suggested: cyclone, filter bag or 
electrostatic precipitator are among the most important ones.51-52 The comparison of the 
collection methods is given in Table 2.3. In a laboratory setting, where the amount of 
product is in the order of hundred milligrams, number of bubblers in series filled with a 
solvent of choice would work as well (see Figure 2.6). From the choices listed in Table 
2.3, it is evident that electrostatic precipitators are capable of removing products with the 
size less than 10 μm with the highest efficiency (90-99%). For the work presented in 
Chapter 4, a laboratory scale electrostatic precipitator (ESP) was designed and used for 
the collection of products made by USP. We provide more information in Chapter 4 on 
the mechanism of ESP operation and design criteria. 
 
Versatility is a big advantage of USP technique. The choice of solute, solvent, 
precursor concentrations, furnace temperature, and carrier gas flow rate significantly 
influence the morphology of the final product. Depending on the precursor solution and 
Table 2.3. Comparison of different product collection methods.51-52 
Collector type Particle size (μm) 
Collection 
efficiency (%) 
Equipment 
cost 
Processing 
cost 
Gravity settling >100 40-50 small small 
Filtration <2 90-99 medium-high medium-high 
Wet scrubbing >1 80-95 medium high 
Cyclone >5 85-95 medium medium 
Electrostatic 
precipitator 
<10 90-99 high small-medium 
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reaction conditions, a variety of particle morphologies can be produced such as dense,53 
porous,54 hollow, highly crystalline, core-shell,55 or homogenous/composite56 spheres, 
and also nanoparticles.57 Addition of a co-solvent58-59 or change in the flow gas60 would 
also dramatically change the final products characteristics. This capability is illustrated in 
Figure 2.8. Interested readers are directed to the excellent reviews in this area.49, 61  
 
Figure 2.8. Various particle morphologies achieved by spray drying method.61 
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2.3.2.1 Metal oxides preparation via USP 
USP offers a facile and viable route for the synthesis of a variety of metal oxides 
with different morphologies. Spray pyrolysis has been used to produce many 
monometallic metal oxide powders such as Fe2O3,62-64 Fe3O4,65 SnO2,66 NiO,67-69 
Co3O4,70 V2O5,71 Y2O3,72 MgO,73 ZrO2,74-75 TiO2,74, 76 Al2O3,77 ZnO69, 73, 78. Additionally, 
numerous multimetallic oxides have been created, including spinels (such as NiFe2O479 
and MgAl2O480) and perovskites (such as LaCoO3,81 BaTiO3,82-83 LaFeO3,84-85 and 
SrTiO386). The list above can be created by a simple water-soluble metallic salts such a 
metal chlorides, nitrates, acetates,87 hydroxide organometallics and metal complexes (e.g. 
peroxo-, ammonium, lactate, oxo-) precursors.  
With addition of polymers, colloidal silica or other templating methods, new and 
complex architectures can be easily added to many of the simple metal oxides previously 
reported. These efforts are to find promising materials for different applications such as 
catalysts, sensors, adsorbents etc. where high surface area materials with specific 
properties are needed. Templates are added to the precursor solution or generated in situ 
during spray pyrolysis. After the reaction is complete, the template is removed either in 
situ or by chemical treatments.  
In the work by Suh, and Suslick,55 hollow and ball-in-ball metal oxide 
microspheres with USP technique are prepared. A solution mixture of titanium complex 
and silica colloid was atomized and TiO2-SiO2 composites were obtained.  Incorporation 
of transition-metal ions (CoII) to the precursor solution results in the synthesis of porous 
ball-in-ball type microspheres (Shown in Figure 2.9). The authors attributed the observed 
ball-in-ball morphology to the phase separation of TiO2 and SiO2 induced by metal ions. 
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They also investigated the cell toxicity (cytotoxicity) of these nanomaterials to probe on 
health effects that manmade nanoparticles could have now and in the near future. 
 
Figure 2.9. SEM images of a (a) SiO2-TiO2 composites as synthesized, (b) after HF 
treatment of the product, (c) TiO2 with SiO2 core and cobalt oxide nanoislands as 
synthesized, (d) after HF treatment of product, and  (e) SEM and (f) TEM images of a 
ball in-ball TiO2 sphere; the small detached particles are cobalt oxide.55 
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2.3.2.2  Composite particles  
Composite particles, defined as particles comprised of several components, can be 
easily generated by USP. Chemical reactions are confined in a micron-sized space and 
precursors in each droplet are present in the correct stoichiometry; therefore particles 
produced via USP are often more uniform in size and composition than powders 
produced via conventional routes.88 
Figure 2.10 illustrates the formation of composite particles in a general spray 
drying method. Depending on the fraction of components present in the system, 
formation of well-distributed components (R1 route) or microencapsulated structures (R2 
route) have been observed.89-90 Diffusion of species upon solvent evaporation step plays 
an important role in defining the composite structure. If components are almost similar in 
size, a well distributed structure is formed and if components of different sizes are 
present, they diffuse with different speed and unique geometries are formed.91-92  
 
Figure 2.10. Schematic of formation of composite particles via spray drying method. 
(R1) well-distributed components and (R2) microencapsulated structures. 61 
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In case of dissolved precursors, the R1 route is more likely to happen. Especially 
if solubility of precursors are nearly the same, the precipitation will occur almost 
simultaneously and the composite microstructure consist of a uniform mixture of 
nanocrystallites.93  There are cases where the big difference in precursor solubility led to 
segregation of components. For example, segregation has been observed for Al2O3-
platinum composite synthesized from an aqueous solution of Al2(SO4)3 and H2PtCl6 at 
950 °C. The resulting powder consists of 4-5 nm Pt particles on the surface of Al2O3 
particles.94 
In this work, we are interested to employ USP technique to prepare composite 
microparticles consisting of refractory metal oxides dispersed in a CaO matrix. It has 
been shown that incorporation of binders in CaO sorbents enhances its CO2 capture 
stability in a cyclic operation of carbonation/calcination.95 The findings of this study will 
be presented in Chapter 4.  
 
2.3.2.3  Nanoparticle preparation via USP 
 
Conventional USP produces one particle per droplet. Typically the powders 
produced by USP are composed of particles several microns in diameter. As Equation 1.2 
indicates, the size of resulting particles directly depends on precursor and solvent 
properties and solution concentration. Direct production of nanoparticles (<100 nm) in 
aerosol processing requires dilute precursor solutions (e.g. below 0.1 M),43, 61 which is 
not industrially practical. To overcome the concentration limitation, Okuyama group has 
developed a salt assisted aerosol decomposition (SAAD) route to nanoparticle 
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synthesis.57 In this method, eutectic salt mixtures or single salts (e.g., alkali chloride or 
nitrate) are added to precursor solution. During the SAAD process, the added salts melt 
and act as a high boiling solvent; they prevent agglomeration of the particles that are 
created from multiple nucleation sites within a single droplet. The salts are then washed 
away to leave nanoparticles. Figure 2.11 shows an early example where nanoparticles of 
composite Y2O3-ZrO2 were produced via SAAD process. Some of the eutectic salt 
mixtures that have been used for this method are: KCl-LiCl, CH3COOK-CH3COONa and 
NaNO3-KNO3.96 
 
Figure 2.11. Y2O3-ZrO2 samples synthesized by conventional spray pyrolysis method 
(a,b) and salt assisted aerosol decomposition (SAAD) shown in (c,d); The top panel 
shows SEM images of unwashed products and the bottom panel shows TEM images of 
washed products.57 
 
Another approach for the high yield synthesis of nanoparticles via spray pyrolysis 
has been developed by Suslick group. In this approach, so called chemical aerosol flow 
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synthesis (CAFS), a high boiling point liquid containing precursors of interest is 
dissolved in a lower boing point solvent (e.g., toluene). In the first stage of the furnace, 
the lower boiling point solvent evaporates and leaves submicron droplets containing 
precursors in high boiling point solvent. In the second stage of the furnace, hotter region, 
surfactant-stabilized nanoparticles are produced. This method is utilized to produce CdS 
and CdTe quantum dots with a quantum yield of ~25%.97 
Bang98 later extended the CAFS technique to prepare CdTeSe and CdTeS that 
fluoresce in the red to near-IR regions. Adjusting composition ratio of Te to Se permitted 
band gap tuning of CdTeSe quantum dots, and replacing selenium with sulfur in the 
precursor solution increased the quantum efficiency of CdTe QDs up to ~37%. 
 
2.4 Conclusion 
 
In this chapter, mechanochemical synthetic route and ultrasonic spray pyrolysis 
were discussed as means to synthesize CaO-based sorbents throughout this dissertation. 
Although produced sorbents via mechanical milling show enhanced stability over 
multiple cycles of operation (to be discussed in Chapter 3), this method has several 
inherent disadvantages. Poor control over particle morphology, long processing time, 
contamination introduced from wearing grinding media, and challenges associated with 
scaling-up of the process are the largest issues. A comparison between the two methods is 
given in Table 2.4.  
Energy efficiency and scalability are important factors to consider if a synthesis 
method is to be utilized for production of massive amount of CO2 sorbents given the 
sheer magnitude of global CO2 emissions. In this respect, spray pyrolysis or other 
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continuous production methods can in fact prove to be more effective than 
mechanochemical synthesis or other batch synthetic approaches. 
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CHAPTER 3: MECHANICAL ACTIVATION OF CALCIUM OXIDE-BASED 
ADSORBENTS FOR CO2 CAPTURE 
 
 
 
3.1. Introduction 
Fossil fuel burning power plants account for approximately one third of 
anthropogenic CO2 emissions.1-2 Carbon capture and storage (CCS) has received 
considerable attention as an option for reducing CO2 emissions from such power plants.3-
4 Currently the only commercialized CO2 separation technology is amine scrubbing.5 This 
technique, however, has several disadvantages, including poor energy efficiency, low 
adsorption/desorption rates, solvent degradation, and equipment corrosion.6 In recent 
years there have been many efforts to find less energy intensive and more cost-effective 
ways for CO2 capture, which accounts for 75% of the overall cost of CCS.3 In principle, 
coal conversion to synthesis gas (i.e., H2 plus CO) with additional H2 and CO2 from the 
reaction of CO with water via the water-gas-shift reaction allows for capture of CO2 prior 
to combustion; such pre-combustion capture is one of the most viable options in 
integrated gasification combined cycle (IGCC) plants.7 Combining high-temperature CO2 
adsorption with the water-gas-shift reaction has several advantages over conventional 
IGCC with low temperature CO2 capture. High-temperature sorption of CO2 would 
eliminate the need for multiple catalytic water-gas-shift reactors and for a separate low-
temperature CO2 capture unit and would avoid several gas cooling and reheating steps.8  
Among high-temperature CO2 adsorbents, CaO-based materials are considered 
the most promising candidates due to their relatively low cost, high capacity, and 
selectivity toward CO2. CaO, however, suffers from rapid performance degradation over 
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multiple cycles of carbonation and calcination,9 primarily because CaCO3 sinters during 
the high temperatures of the regeneration step, which can dramatically slow the amount  
of CO2 binding in subsequent cycles.1 This drawback can be largely overcome by the 
incorporation of inert additives into CaO sorbents to prevent sintering.1 Various metal 
oxides have been investigated to improve CaO stability (such as MgO, Al2O3, ZrO2, 
La2O3 and TiO2).10-14 Previous synthetic methods to incorporate the inert oxides include 
precipitation,15 calcination of precursors mixture,16-17 flame spray pyrolysis12, and sol-gel 
combustion13.  
We present here a mechanochemical synthesis as a simple, efficient, and 
inexpensive tool for the synthesis of highly stable CaO-containing sorbents for high 
temperature CO2 capture. Mechanochemical synthesis (e.g., mechanical activation) using 
high energy ball milling has a long history as a powder processing technique for making 
alloys, composites, and structural materials.18-21 In this technique, materials undergo 
repeated deformation, fracturing, and cold welding,22 and at the end of the process, a 
finely dispersed composite structure is recovered. 18-21 
In this chapter, a systematic study on the use of mechanical treatment of CaO-
based adsorbents for CO2 capture applications is reported. We have examined two 
common high energy ball milling techniques (vibratory and planetary) in wet or dry 
milling conditions and then studied the performance of treated materials for CO2 capture 
in a cyclic operation. MgO as an example of the inert additive material was chosen for 
this study because it possesses the highest melting temperature23(2826 °C) among 
refractory metal oxides and can provide structural stability to the CaO sorbent while 
resisting excessive CaO grain growth.10  
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3.2. Experimental methods 
3.2.1. Milling apparatus  
A vibratory ball mill (SPEX 8000M) and a planetary ball mill (Pulverisette 7) 
were used to grind pure CaCO3 samples or mixtures of CaCO3/MgO.  MgO and CaCO3 
were purchased from Sigma-Aldrich. We note that CaCO3 nanoparticles have been made 
previously by dry planetary ball milling of CaCl2 and Na2CO3 with NaCl as solid 
diluent.24  
SPEX 8000M is a laboratory scale mill capable of grinding samples in the 10 
gram range.25 The vial containing a sample and one or two balls is fixed tightly via a 
clamp. It is shaken in a complex fashion which combines back and forth swings and 
lateral motion at the 1080 cycles per minute. The high energy impact of balls with each 
swing causes the sample to grind and blend. Dry milling in the SPEX 8000M was done in 
a tungsten vial set (Figure 3.1). The ball to powder ratio was kept at the optimal value (5 
g/g) for this apparatus.20 The SPEX 8000M operates at a fixed 1000 rpm; it was paused 
for 1 minute every 30 min to avoid overheating. Total processing time was 2 hours of 
milling. 
In general, more intense milling is generated with a vibratory ball mill (e.g. SPEX 
8000M),26 but the experimental parameters (ball to material mass ratio, rpm, solid 
powder vs. liquid slurry) are more easily controlled with a planetary ball mill. Wet and 
dry milling with the planetary ball mill was done in an agate vial set with 5 mm diameter 
3Y-TZP balls with the ball to powder ratio fixed at 40 g/g. Ethanol was used as the 
process control agent for wet milling; 5 mL ethanol was added to 0.5 g of powder. After 
wet milling, the resulting sorbents were dried using a rotary evaporator. The planetary 
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ball mill operated at 500 rpm and was paused for 1 min every 15 min to avoid 
overheating. Total processing time was 2 hours of milling. 
It has been shown that temperature inside the SPEX 8000M can increase up to 
100 °C and inside a planetary mill (Fritsch P-5) can easily reach 200 °C during the 
operation.27 Therefore, the pause during sorbent preparation (1 min every 15 minutes for 
planetary mill and 1 min every 30 min in the SPEX 8000M) was considered in order to 
avoid overheating. 
 
Figure 3.1 Pictures of a vibratory mill (SPEX 8000M), on the left; Tungsten carbide vial 
set for the vibratory mill, at the middle and a planetary ball mill, on the right. Images 
adapted from 25and 28. 
 
 
3.2.2. Materials characterization 
BET surface area of samples was determined from N2 physisorption data using a 
Quantachrome 2200e; each sample was degassed under vacuum at 130 °C for 16 h or at 
300 °C for 3 h prior to N2 adsorption measurements. The specific surface area was 
obtained from the 5 point measurement in the range of 0.05<P/P0<0.2.  
The median particle size of samples (Dn50 in Table 3.1) was obtained using a 
Horiba Partica LA-950 laser diffraction particle size analyzer. Isopropanol Alcohol (IPA) 
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was used to disperse CaCO3 samples for particle size measurement. In order to obtain 
Dm50 values, the particles’ distribution was recalculated based on the particle’s mass. 
The CO2 capture performance of the synthesized sorbents was examined using a 
ThermoScientific VersaTherm thermogravimetric analyzer (TGA). Approximately 20 mg 
of sample was loaded into a quartz sample boat; carbonation and calcination cycles were 
performed at 710°C for 30 min under 100% CO2 and 950°C for 5 min under 100% N2, 
respectively. The flow rates of CO2 and N2 were kept at 35 SCCM for all experiments. 
For runs with 15 cycles, before and after each carbonation segment, the chamber was 
purged with N2 for 5 min at the carbonation temperature.  
The instrument is controlled using Thermal Analyst Data Acquisition Version 
3.30.0 VT software which allows the user to program the TGA operation parameters.  A 
typical TGA protocol is shown in Figure 3.2: (1) heat from room temperature to 950 °C 
at 40 deg/min under N2, (2) hold at 950 °C for 5 min under N2 (this is the calcination 
stage), (3) cool from 950 °C to 710 °C at -20 deg/min under N2, (4) hold at 710 °C for 5 
min under N2, (5) maintain the temperature at 710 °C and switch the gas to CO2 for 30 
min (this is the carbonation stage), (6) maintain the temperature at 710 °C and switch the 
gas back to N2 for 5 min, (7) heat from 710 °C to 950 °C at 20 deg/min under N2, and (8) 
repeat steps 2-7.  TGA data was analyzed using ThermoCahn Instruments Thermal 
Analyst Version 1.3.2.2 software. The purge segments (no. 4 and 6) were omitted in the 
50 cycle’s runs due to the limitation of TGA software in the number of method segments 
(i.e. 100).  
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Figure 3.2. TGA protocol for 15 cycle’s carbonation/calcination runs. The purge 
segments (no. 4 and 6) were omitted in the 50 cycle’s runs. 
 
STEM, SEM and XRD characterization were performed for the wet planetary 
milled sample (23:77 wt% MgO:CaO and 49:51 wt% MgO:CaO). Scanning transmission 
electron micrograph (STEM) was collected using a JEOL 2010F with an accelerating 
voltage of 200 keV. The samples were prepared by dispersing the powder in ethanol, 
placing a few drop on a lacy formvar/carbon-copper grid (Ted Pella, #01881-F), and 
drying the grid overnight.  
Scanning electron micrographs were collected using Hitachi S4700 SEM 
operating at 15 keV. SEM samples were prepared by dispersing the powder in ethanol, 
placing a few drops of the dispersion on a piece of silicon wafer (~5 mm x 5 mm), and 
allowing the sample to completely dry overnight.  Before SEM analysis samples were 
sputter-coated with approximately 10 nm of Au/Pd alloy to prevent surface charging. 
Powder diffraction patterns were collected using Cu Kα radiation (λ = 1.5418 Å) with a 
Seimens Bruker D5000 instrument operating at 40 kV and 30 mA and scanning 2Θ = 10° 
to 90° at a rate of 1.0°/min with the step size of 0.05°. Samples were prepared in a quartz 
holder which reduces the background signal. The diffraction peaks were indexed using 
the ICDD database and MDI Jade 8 software.   
 
950
710
1
2 3
4 5
6 7
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3.3. Results and discussion  
3.3.1 CaCO3 mechanical treatment  
As a control, we first compared the recycling stability of milled pure CaCO3 
sorbents (as described in the experimental section) to that of as-received non-milled 
CaCO3 from Sigma-Aldrich during 15 cycles of calcination/carbonation.  As shown in 
Figure 3.3, the milled CaCO3 samples show higher CO2 uptake than the non-milled 
sample for 30 min carbonation at 650 °C. Rapid formation of a CaCO3 layer on the outer 
surface of CaO particles is followed by slow reactive diffusion of CO2.1, 9 It must be 
emphasized that the cycling between calcination and CO2 re-uptake is a kinetically 
controlled process:  in general, cycling experiments are not done slowly enough for full 
equilibration to occur. Therefore, the CO2 sorption rate is influenced both by particle size 
and by surface texture and porosity (as measured by the N2 BET surface area).  
Consistent with the observed behavior in Figure 3.3, the specific surface areas (N2 BET) 
of the milled samples are significantly higher than that of the non-milled sample (Table 
3.1). 
Table 3.1. BET surface area from N2 adsorption and median particle size based on 
mass (Dm50 from laser diffraction sizing) of pure CaCO3 samples. 
Sample SA (m2/g) Dn50 (µm) Dm50 (µm) 
As-received <1 32 40 
Dry vibratory mill 4 51 810 
Dry planetary mill 5 9 10 
Wet planetary mill 17 0.1 1 
 
72 
 
Figure 3.3. CO2 uptake by CaO after calcining of pure CaCO3 samples prepared under 
different milling conditions; carbonation at 710 °C for 30 min under 100% CO2 and 
calcination at 950 °C for 5 min under 100% N2. Wet-milled CaCO3 in planetary ball mill 
maintains the highest CO2 uptake during 15 cycles of operation. 
 
 The wet planetary milled CaCO3 sample maintains the highest amount of CO2 
uptake (and thus the largest effective capacity for CO2 binding over a finite time) with the 
least decay over 15 cycles. The wet planetary milled sample possesses the highest surface 
area and also the smallest median particle size (1 µm, based on particle mass or 0.1 μm 
based on number of particles), as shown in Table 3.1.  
From the particle size distributions shown in Figure 3.4, the Dn50 (i.e., the 
diameter for which half of the particles are smaller, based on numbers of particles) are 32 
µm for the CaCO3 sample as-received, 51 µm for the dry vibratory sample, 9 µm for the 
dry planetary milled sample, and 0.1 µm for the wet planetary milled sample; all milled 
samples were after 2 hours of milling.  
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Figure 3.4. Particle size distribution of pure CaCO3 prepared under different milling 
conditions. Dry vibratory milling clearly causes significant agglomeration of particles 
through cold welding, but as seen in comparing a (as received) and b (dry vibratory), it 
also produces significant fines (i.e., particles less than 5 µm). 
 
The dry vibratory milled CaCO3 sample shows a substantial increase in mean 
particle size after milling, but also a modest increase in total surface area.  This apparent 
paradox is easily explained:  the increase in particle size is due to cold welding and 
particle agglomeration that are often observed during dry-milling,18-21, 29 which we too 
observe in both the particle size histogram (Figure 3.4) and in the SEM (Figure 3.5). The 
increase in BET surface area, in contrast, is due to the production of fines (50% of the 
number of particles are less than 50 µm from the particle size histogram as shown in 
Figure 3.4b) and to added surface texture (Figure 3.5). All milling techniques improved 
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the CO2 cycling of pure CaCO3, with wet planetary milling provided the greatest 
improvement. 
 
Figure 3.5. SEM of a CaCO3 sample after 2 h of dry vibratory milling reveals both 
agglomeration and the production of fines. Left: showing the fines produced during 
milling. Right: substantially sized agglomerates are formed from cold welding under dry 
milling condition in addition to fines; the agglomerates have substantial surface texture 
and porosity, which helps to increase their surface area. 
 
3.3.2 MgO/CaCO3 mechanical treatment 
To further improve sorbent recyclability, we explored mechanochemical 
preparation of mixed CaCO3/MgO materials. CaCO3/MgO mixtures were milled in 
different weight ratios for 2 h using the milling conditions discussed earlier. Figure 3.6 
illustrates the ratio of CO2 sorption uptake after the 15th cycle compared to the 1st cycle 
as a function of MgO content for three different grinding conditions: wet planetary, dry 
planetary, and dry vibratory mill. Mechanochemically synthesized MgO-doped sorbents 
retained a CO2 uptake of >70% after 15 cycles over the range of 20-80 wt% MgO. Three 
different trends were observed for the stability of the synthesized sorbents with varying 
MgO content. Stability for the dry vibratory milled samples reached a maximum at 45 
wt% MgO and then decreased (bottom line). As discussed above, dry vibratory milled 
samples agglomerate during processing, which limits the accessibility of CO2 to the 
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interior, unreacted CaO. The stability of dry planetary milled samples (middle line) 
increased until it reached a plateau at ≈40 wt% MgO; this suggests that beyond that MgO 
concentration, dry planetary milling reaches a steady state between further particle size 
reduction and particle re-agglomeration. Wet grinding in the planetary ball mill yielded 
the most stable sorbents (top line). Wet-milled MgO-doped CaCO3 samples retained 
more than 90% of the initial uptake at cycle 15. Stability increases linearly with 
increasing MgO content. Consistent with the cycling stability of the wet-milled MgO-
doped CaCO3, the particle microstructure heterogeneity is quite low, roughly 10 nm scale 
after milling, as can be seen from the STEM image shown the Figure 3.7. 
  
Figure 3.6. Stability of CO2 uptake by MgO-doped adsorbents (as a function of 
MgO/CaO content) prepared using three different grinding conditions: wet-planetary, 
dry-planetary and dry-vibratory mill.  The amount of CO2 binding is compared after the 
15th cycle vs. the 1st cycle.  Wet planetary milling is shown to be the most effective in 
terms of recycling stability. The solid lines are meant only as a guide to the eye and do 
not represent any meaningful fit to the data. 
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Figure 3.7. STEM image of the wet-milled sample with the composition of 23:77 wt% 
MgO:CaO after 2 h processing time in a planetary ball mill (Pulverisette 7). The contrast 
between Mg rich (darker) and Ca rich (lighter) regions shows that the microstructure 
heterogeneity is roughly 10 nm after milling. 
 
Recyclability is critical to any potential sorbent for CO2 capture. Incorporation of 
inert additives, however, imposes energy penalties due to the heating and cooling of the 
additives; e.g., MgO does not sequester CO2 under high temperature WGS reaction 
conditions. Sorbent composition, therefore, needs to be optimized in order to obtain a 
high CO2 capture uptake per unit mass of a sorbent while maintaining high reversibility 
during calcination. CO2 uptake of wet-milled MgO doped sorbents were compared for 
various sorbent compositions during 15 cycles (Figure 3.8). Initial CO2 uptake decreased 
due to addition of inert MgO, whereas the recycling stability showed a significant 
improvement with a minimum of 23 wt% MgO addition. 
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Figure 3.8. CO2 uptake by wet-milled MgO-doped CaCO3 samples during 15 cycles of 
operation; carbonation at 710 °C for 30 min under 100% CO2 and calcination at 950 °C 
for 5 min under 100% N2. Adding a minimum of 23 wt% MgO significantly improves the 
cycling stability over 15 cycles. 
 
The sample with 23 wt% MgO was further characterized by SEM and XRD 
before (as synthesized) and after 15 cycles of CO2 uptake and calcination. The SEM 
images in Figure 3.9 show a noticeable increase in particle size after 15 cycles (and even 
greater agglomeration after 50 cycles), which indicates particles sintering and the loss of 
microporosity after multiple CO2 binding and calcining. The Debye-Sherrer formula was 
used to calculate the CaCO3 crystallite size from XRD characterization in Figure 3.10. 
Crystallite size shows an increase from 19 nm to 46 nm after 15 cycles. Based on these 
results, it is evident that 23 wt% MgO content does not sufficiently resist crystallite 
growth during multicycle operation. Therefore, it may not prove as effective for CO2 
capture after extended cyclic operation (e.g., >15 cycles).  
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Figure 3.9. SEM images of the wet-milled sample with the composition of 23:77 wt% 
MgO:CaO, (a) fresh sample, (b) after 15 cycles, and (c) after 50 cycles. The images are at 
the same magnification: sintering of the particles is evident from the size increases 
observed. 
 
 
Figure 3.10.  XRD characterization of the wet-milled sample with the composition of 
23:77 wt% MgO:CaO before and after 15 cycles of adsorption and regeneration cycles. 
Debye-Sherrer formula was used to calculate the crystallite size: crystallite size for fresh 
sample is 19 nm and for the recycled sample is 46 nm after 15 cycles.  The XRD of pure 
CaCO3 and MgO shown in the bottom panel are from ICDD PDF cards 04-007-8659 and 
04-012-3469, respectively. 
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To examine the longer term stability of our sorbents, we extended the recycling to 
50 cycles of carbonation/calcination, as shown in Figure 3.11 for (1) as-received non-
milled CaCO3, (2) wet planetary milled pure CaCO3, and (3,4) two MgO-doped wet 
planetary milled samples (23 wt% MgO and 41 wt% MgO). Comparing performance of 
pure CaCO3 samples reveals the positive effect of wet milling alone on the sorbent 
stability. As discussed earlier, wet milling produces finer particles with higher surface 
area. The observed higher stability may be due partly to the use of ethanol in wet milling 
preparation; it has been suggested that ethanol can create more hydrophilic and 
consequently larger pores in CaO, which provides greater stability over multiple 
recycling.30 Addition of 23 wt% MgO significantly improves CO2 uptake stability 
especially during the first 20 cycles. As the amount of MgO was increased to 41 wt%, the 
material retained the stability up to ~cycle 35 before it began to show decay in the uptake 
performance. These results show that wet milling along with the addition of an inert 
additive (e.g. MgO) improve the sorbent stability in extended operating cycles. 
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Figure 3.11. CO2 capture performance during 50 cycles of carbonation/calcination for 
four sorbents: (1) non-milled, as-received CaCO3, (2) wet planetary milled pure CaCO3, 
and (3, 4) two MgO-doped wet-milled samples (23:77 wt% MgO:CaO and 41:59 wt% 
MgO:CaO). The cycling conditions were carbonation at 710 °C for 30 min under 100% 
CO2 and calcination at 950 °C for 5 min under 100% N2. Wet milling along with the 
addition of an inert additive (e.g. MgO) improves the sorbent stability in extended 
operating cycles. 
 
The sample with 41 wt % MgO was characterized with SEM as shown in Figure 
3.12. Although the sintering of the particles is evident from the size increases observed, 
the degree of particles’ growth is less than in samples with less MgO (Figure 3.9). From 
XRD characterization, CaCO3 crystallite size shows an increase from 15 nm to 37 nm 
after 15 cycles. The stability through ~35 cycles shown in Figure 3.11 for the 41 wt % 
MgO compared to the 23 wt% MgO is also attributed to inclusion of more MgO, which 
physically separates CaO grains and facilitates the diffusion of CO2 through the grain 
boundaries.  
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Figure 3.12. SEM images of the wet-milled sample with the composition of 41:59 wt% 
MgO:CaO, (a) fresh sample, (b) after 15 cycles, and (c) after 50 cycles. The images are at 
the same magnification: The extent of particle growth is less than that seen with 23 wt% 
MgO (Figure 3.9). 
 
Moreover, we examined the effect of milling processing time for the wet 
planetary milled sample (MgO:CaO 23:77 wt%) on its CO2 uptake performance during 
50 cycles. The sample was milled for 1, 2, 4, and 6 h before CO2 uptake cycling. As 
illustrated in the Figure 3.13, 2 h processing time proved to be the optimal treatment and 
led to the most stable performance over the course of 50 cycles. As shown in Figure 3.14, 
the minimum particle size is achieved with 2 h of milling: shorter milling times do not 
sufficiently grind the material and longer milling times lead to particle agglomeration.  
The rate of CO2 capture and release is dependent upon particle size and this explains the 
optimal milling time observed. 
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Figure 3.13. Effect of milling time (1 to 6 h, as shown) on the CO2 capture performance 
of the wet planetary milled sample (23:77 wt% MgO:CaO) during 50 cycles of 
carbonation/calcination compared to the non-milled, as-received CaCO3. 2 h milling time 
led to the most stable performance.  
 
 
Figure 3.14. SEM images of the wet planetary milled sample (23:77 wt% MgO:CaO) 
after (a) 1h, (b) 2h, (c) 4h, and (d) 6 h milling. The minimum particle size is achieved 
with 2 h of milling.  
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3.4. Conclusion 
 
In summary, we have shown for the first time that mechanical activation provides 
an efficient route to the synthesis of stabilized sorbents for high temperature CO2 capture. 
The mechanical milling intensity and conditions of grinding (e.g., wet vs. dry, planetary 
vs. vibratory milling) were determined to be the main factors that control the 
effectiveness of the mechanochemical synthesis to enhance the recycling stability of the 
sorbents prepared. Wet planetary milled samples produced the most stable and most 
efficient CO2 sorbents; incorporation of 41 wt% of MgO led to the CO2 uptake of ~0.4 g 
CO2/g sorbent after 50 cycles of carbonation/calcination, much higher than 0.1 g CO2/g 
sorbent for as-received CaCO3. The recyclability of calcination/CO2 sorption is a kinetic 
process and strongly dependent on both the surface porosity and the particle size of the 
solid sorbent:  mechanical milling of CaCO3/MgO provides a facile means for the 
production of more stable CO2 sorbents through efficient particle size reduction and 
effective dispersion of an inert binder (in this case, MgO). 
 
3.5.  References 
1. Choi, S.; Drese, J. H.; Jones, C. W., Adsorbent Materials for Carbon Dioxide 
Capture from Large Anthropogenic Point Sources. ChemSusChem 2009, 2 (9), 796-854. 
2. Lal, R., Sequestering Atmospheric Carbon Dioxide. Critical Reviews in Plant 
Sciences 2009, 28, 90-96. 
3. Plasynski, S. I.; Litynski, J. T.; McIlvried, H. G.; Srivastava, R. D., Progress and 
New Developments in Carbon Capture and Storage. Critical Reviews in Plant Science 
2009, 28, 123-138. 
4. Yang, H.; Xu, Z.; Fan, M.; Gupta, R.; Slimane, R. B.; Bland, A. E.; Wright, I., 
Progress in carbon dioxide separation and capture: A review. Journal of Environmental 
Sciences 2008, 20, 14-27. 
84 
5. Rao, A. B.; Rubin, E. S., A Technical, Economic, and Environmental Assessment 
of Amine-Based CO2 Capture Technology for Power Plant Greenhouse Gas Control. 
Environmental Science & Technology 2002, 36 (20), 4467-4475. 
6. Alie, C.; Backham, L.; Croiset, E.; Douglas, P. L., Simulation of CO2 capture 
using MEA scrubbing: a flowsheet decomposition method. Energy Conversion and 
Management 2005, 46 (3), 475-487. 
7. D'Alessandro, D. M.; Smit, B.; Long, J. R., Carbon Dioxide Capture: Prospects 
for New Materials. Angewandte Chemie International Edition 2010, 49 (35), 6058-6082. 
8. Han, C.; Harrison, D. P., Simultaneous Shift Reaction and Carbon Dioxide 
Separation for the Direct Production of Hydrogen. Chemical Engineering Science 1994, 
49 (24B), 5875-5883. 
9. Abanades, J. C.; Alvarez, D., Conversion Limits in the Reaction of CO2 with 
Lime. Energy & Fuels 2003, 17, 308-315. 
10. Li, L.; King, D. L.; Nie, Z.; Howard, C., Magnesia-Stabilized Calcium Oxide 
Absorbents with Improved Durability for High Temperature CO2 Capture. Industrial & 
Engineering Chemistry Research 2009, 48 (23), 10604-10613. 
11. Wu, S. F.; Li, Q. H.; Kim, J. N.; Yi, K. B., Properties of a nano CaO/Al2O3 CO2 
sorbent. Industrial & Engineering Chemistry Research 2008, 47, 180-184. 
12. Lu, H.; Khan, A.; Pratsinis, S. E.; Smirniotis, P. G., Flame-Made Durable Doped-
CaO Nanosorbents for CO2 Capture. Energy & Fuels 2009, 23 (2), 1093-1100. 
13. Luo, C.; Zheng, Y.; Ding, N.; Wu, Q.; Bian, G.; Zheng, C., Development and 
Performance of CaO/La2O3 Sorbents during Calcium Looping Cycles for CO2 Capture. 
Industrial & Engineering Chemistry Research 2010, 49 (22), 11778-11784. 
14. Wu, S. F.; Zhu, Y. Q., Behavior of CaTiO3/Nano-CaO as a CO2 Reactive 
Adsorbent. Industrial & Engineering Chemistry Research 2010, 49 (6), 2701-2706. 
15. Gupta, H.; Fan, L.-S., Carbonation−Calcination Cycle Using High Reactivity 
Calcium Oxide for Carbon Dioxide Separation from Flue Gas. Industrial & Engineering 
Chemistry Research 2002, 41 (16), 4035-4042. 
16. Liu, W.; Feng, B.; Wu, Y.; Wang, G.; Barry, J.; Diniz da Costa, J. C., Synthesis of 
Sintering-Resistant Sorbents for CO2 Capture. Environmental Science & Technology 
2010, 44 (8), 3093-3097. 
85 
17. Li, Z.-s.; Cai, N.-s.; Huang, Y.-y., Effect of Preparation Temperature on Cyclic 
CO2 Capture and Multiple Carbonation−Calcination Cycles for a New Ca-Based CO2 
Sorbent. Industrial & Engineering Chemistry Research 2006, 45 (6), 1911-1917. 
18. Heinicke, G.; Hennig, H. P., Tribochemistry. Carl Hanser: Munich, 1984. 
19. Gutman, E. M., Mechanochemistry of materials. Cambridge International science 
publishing: Cambridge, UK, 1998. 
20. Lu, L.; Lai, M. O., Mechanical alloying. Kluwer Academic Publishers Norwell, 
Massachusetts, 1998. 
21. Balaz, P., Mechanochemistry in Nanoscience and Minerals Engineering. Springer 
Berlin, 2008. 
22. Ivanov, E.; Suryanarayana, C., Materials and Process Design through 
Mechanochemical Routes. Journal of Materials Synthesis and Processing 2000, 8 (3-4), 
235-244. 
23. Hlavac, J., Melting temperatures of refractory oxides: Part I. Pure Applied 
Chemistry 1982,  (54), 681-688. 
24. Sargheini, J.; Ataie, A.; Salili, S. M.; Hoseinion, A. A., One-step facile synthesis 
of CaCO3 nanoparticles via mechano-chemical route. Powder Technology 2012, 219 (0), 
72-77. 
25. 8000M Mixer/Mill Operating Manual. 
http://www.spexsampleprep.com/knowledge-
base/resources/manuals/8000M%20MixerMill%20Manual%20100714%20abridged.pdf 
(accessed May 20, 2013). 
26. De Castro, C. L.; Mitchell, B. S., In Synthesis Functionalization and Surface 
Treatment of Nanoparticles, Baraton, M.-I., Ed. American Scientific: Valencia, 2002. 
27. Takacs, L.; McHenry, J. S., Temperature of the milling balls in shaker and 
planetary mills. J Mater Sci 2006, 41 (16), 5246-5249. 
28. http://www.fritsch-milling.com/products/milling/planetary-mills/pulverisette-7-
classic-line/. (accessed May 20, 2013). 
29. Stevulova, N.; Tkacova, K.; Stopka, P.; Plesingerova, B.; Balintova., M. Effect of 
grinding environment on the surface quality of finely dispersed silicon, In the first 
86 
international conference on mechanochemistry, Kosice, Slovac Republic, Tkacova, K., 
Ed. Cambridge Interscience Publishing: Kosice, Slovac Republic, 1993; pp 144-147. 
30. Li, Y. J.; Zhao, C. S.; Qu, C. R.; Duan, L. B.; Li, Q. Z.; Liang, C., CO2 Capture 
Using CaO Modified with Ethanol/Water Solution during Cyclic 
Calcination/Carbonation. Chemical Engineering & Technology 2008, 31 (2), 237-244. 
 
 
87 
CHAPTER 4: CALCIUM OXIDE-BASED ADSORBENTS PREPARED BY 
ULTRASONIC SPRAY PYROLYSIS 
 
 
 
4.1 Introduction 
Developing new CO2 capture processes and materials is an active area of research 
focused on finding more cost-effective ways to implement carbon capture and storage 
(CCS) from large point sources such as power plants. Pre-combustion, one of the 
proposed designs for CO2 capture is of particular interest. In this design, high 
concentration of CO2 and elevated operating pressures reduce the energy capture penalty 
of the process to 10-16%, which is roughly half that for post-combustion CO2 capture.1 
This process, also called sorption–enhanced water–gas shift reaction process (SEWGS), 
combines the WGS reaction and CO2 removal into a single process step in an integrated 
gasification combined cycle (IGCC) power plant.2-3  
Physisorbents cannot be used for CO2 sorption under the conditions of SEWGS 
application. Therefore, reversible CO2 selective chemisorbents with decent CO2 capture 
capacity in the presence of H2O are required. The kinetics of CO2 sorption and desorption 
must be fast, and the material must be thermally and mechanically stable. Calcium oxide 
has emerged as an attractive material for high temperature CO2 capture because of its 
favorable properties. The mechanism of CO2 chemisorption on CaO is diffusion of CO2 
through pores in the CaO solid matrix followed by the formation of CaCO3, an 
exothermic chemical reaction. CaO, as described in Chapter 1, suffers from rapid 
capacity degradation after multiple carbonation/calcination cycles. That is mainly due to 
sintering,4 reduction of surface area5-6 and loss of microporosity.7-8 The addition of 
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supports and binders has been proposed as a beneficial approach to improve the 
performance and reversibility of CaO.9  
Aerosol synthesis methods have been extensively utilized to prepare a variety of 
metal oxides, even on an industrial scale.10-11 In this chapter, we report the first use of 
ultrasonic spray pyrolysis (USP) as a continuous flow method for the facile synthesis of 
CaO-based materials for CO2 capture applications. In order to improve cyclic 
reversibility of the prepared sorbents, several high melting point refractory metal oxides 
(e.g., Al2O3, MgO, SiO2, CeO2, ZrO2 and Y2O3) were incorporated into CaO matrix. A 
detailed discussion of their characterization and performance for CO2 capture will be 
described. More in depth studies were conducted on the sorbent containing Al2O3. The 
chapter will conclude with modeling the sorbent’s performance via a shrinking core 
model to obtain quantitative values of parameters such as reaction rate and diffusion 
constants, which are useful for equipment design. The modeling was done through a 
collaboration effort with Emad Abbasi from Illinois Institute of Technology.  
 
4.2 Experimental methods 
4.2.1 Ultrasonic spray pyrolysis set-up 
The USP apparatus is presented in Figure 2.6 and also Figure 4.2.  The custom 
nebulizer base was constructed at the University of Illinois at Urbana-Champaign 
electronics shop and contains a 1.65 MHz fixed frequency piezoceramic.  The 
nebulization cell was constructed from a 57 mm O-ring flat flange (Chemglass, # CG-
138-02) which has been modified to taper to a 24/40 ground glass joint at the top (Figure 
4.1).  Additionally, the cell was outfitted with a solution addition arm and carrier gas inlet 
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arm.  A circular polyethylene membrane (2 mils thickness, cut from a Ziploc® bag) was 
clamped to the nebulization cell and the assembly was centered over the piezoceramic on 
the nebulizer base.  Water was added to couple the piezoceramic to the plastic membrane 
and any air bubbles trapped under the membrane were removed.  Argon was flowed 
through the nebulization cell at 1 L/min and carried an ultrasonically generated mist 
through a quartz furnace tube preheated to 600 °C (total heated region was ~30 cm in 
length). The temperature of the heated zone was measured by a K-type thermocouple 
sandwiched between the furnace and quartz tube surface at the hottest place in the 
furnace, approximately 1/3 of the distance from the top. A 2 in. Vigreux column was 
inserted between the nebulization cell and furnace tube to make more uniform droplet 
size. 
 
Figure 4.1. (a) Nebulization chamber components for the USP set-up. 1=base brass ring, 
2=O-ring, 3= Polyethylene membrane (2 mils, cut from a Ziploc® bag), 4=custom Pyrex 
glassware, 5= Teflon pieces, 6=brass pieces, 7= washers and nuts. (b) Assembled 
nebulization cell. 
 
 
A laboratory scale electrostatic precipitator (ESP) was designed and constructed 
in house to recover product after the USP set-up. The details will be discussed in the 
following sections. The ESP is wrapped with heat tape and maintained at ~120 °C to 
avoid solvent condensation (water or ethanol). A voltage generator provides high positive 
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voltage (set at 5-6 kV) to the corona wire hanging in the middle of the chamber while the 
cylinder wall is grounded (Figure 4.2). When the entire precursor solution was 
aerosolized, the nebulizer was turned off. After a few minutes, the whole setup was 
turned off and allowed to cool down to room temperature. The product was scraped off of 
the 2 mils 316 stainless steel sleeve inserted along the ESP cylinder wall. A bubbler was 
placed at the end of the gas outlet to visually observe the ESP performance in capturing 
the USP-made product. 
 
Figure 4.2. USP set-up with the electrostatic precipitator (ESP). 
 
4.2.2 Precursor solution preparation 
High melting point metal oxide additives were used to improve reversibility of the 
prepared sorbents in a multicycle operation. To synthesize the composite CaO-based 
materials, a solution of calcium nitrate tetrahydrate [Ca(NO3)2·4H2O] and the respective 
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additive oxide precursors (listed in the Table 4.1)  in ethanol were nebulized via 
ultrasound, and the resulting mist was carried through a furnace tube by argon gas. All 
chemicals are from Aldrich, > 99% purity grade. The total precursor concentration was 
kept at 0.25 M. CaO-based sorbents were synthesized with a 20:80 wt% additive oxides 
to CaO content ratio, and the furnace temperature was set at 600 °C unless otherwise 
stated. Solvent evaporation and precursor decomposition occurred within the furnace, and 
the product was collected in the ESP.   
Table 4.1. Additive metal oxides and their respective precursors. 
Additive Melting point (°C)12 Precursor Precursor price quote, $(100 gram, 99% purity) 
MgO 2852 Mg(NO3)2·6H2O 27.5 
ZrO2 2715 ZrOCl2·8H2O 122.5 
Y2O3 2425 Y(NO3)3·6H2O 100.5 
CeO2 2400 Ce(NO3)3·6H2O 55.6 
Al2O3 2050 Al(NO3)3·9H2O 34.7 
SiO2 1600 TEOS(Tetraethyl orthosilicate) 39.5 
 
In most cases, the nitrate salts were selected as precursors for two reasons. First, 
each salt decomposes completely to the respective oxide leaving no residue behind. 
Second, the gases created during nitrate decomposition act as porogens and increase the 
surface area of the sorbent product. Solubility was another factor in choosing the 
precursor. For example, in the case of ZrO2, ZrOCl2·8H2O was chosen over 
ZrO(NO3)2·xH2O because is four times more soluble (in ethanol).13 In the case of SiO2 its 
most common precursor, Tetraethyl orthosilicate (TEOS), was used. From an economic 
standpoint, it is very important to consider the cost of the precursor for synthesis of 
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materials on an industrial scale. The last column in the Table 4.1 gives a comparison 
among the precursors of interest based on the price quote for a 100 g quantity of material 
from Sigma-Aldrich as of May 2013. The author tried to find the prices for bulk 
quantities of precursors, but was unable to achieve a comprehensive list.  
 
4.2.3 Product collection with electrostatic precipitator (ESP)  
4.2.3.1 Mechanism of ESP operation 
An ESP is solvent-free particle collection equipment that is designed to remove 
particulate matters or liquids for a specific industrial application. An ESP is suitable for 
removing particles smaller than 10 µm, and it has the highest collection efficiency (i.e., 
90-99%) among other separation methods, which is comparable to the filtration 
technique.14 It has the added advantages of removing a broader particle size range than 
the filtration method and minimal obstruction of gas flow (i.e., no pressure drop). 
In general, a strong electric field is applied to charge particles or droplets 
suspended in gas. These charged species are driven toward a collecting electrode via 
electrostatic force. An ESP consists of a negative (or positive) high voltage discharge 
electrode (corona wire) and a grounded collection electrode. This induces an electric field 
that is strongest in close proximity to the discharge electrode. When corona discharge 
happens, electrons rapidly flee away from the negatively charged wire and accelerate 
toward the collection electrode. Therefore, they collide with gas molecules, producing 
positive gas ions and more electrons (so called, avalanche multiplication). The positive 
ions accelerate in the opposite direction. In the inter-electrode region, electrons slow 
down, bump into gas molecules, and are captured, producing negative gas ions which 
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move toward the collection electrode. The formation of negative ions depends on the gas 
involved.15 These negative gas ions play a key role in capturing dust particles (Figure 
4.3). Gas ions stick to particles and induce a negative charge in the particles through two 
mechanisms: field charging (for dp>0.5 µm) and diffusion charging through Brownian 
motion (dp<0.2 µm).15 As a result, the negatively charged particles accelerate toward the 
collection plate and stick because of adhesive and cohesive forces. All these steps occur 
very rapidly, about one second.  
Particles are removed after they have accumulated on the collection electrode to a 
certain thickness. The removal process depends on the configuration of the collection 
electrode (tube or plate). Tubes are cleaned by water sprays while plates are cleaned via 
water sprays or more commonly, rapping. In the latter, mechanical impulses or vibration 
are applied to the plates while the ESP is on-line, causing dislodged particles to fall into 
the hopper beneath.  
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Figure 4.3. A schematic showing charging of particles due to negative gas ions in the 
inter-electrode region of an ESP. The image is adapted from reference.16  
 
 
4.2.3.2 Design consideration 
The simple configuration of a tubular collection electrode with a hanging corona 
wire in the middle was chosen for the construction of a laboratory scale ESP. The 
diameter of the cylinder was set to 9 cm I.D. in order to safely avoid formation of an 
electrical arc. The arc distance for a 10 kV voltage in air at sea level is about 1 cm; 
however, this changes with variation in the gas phase and elevation.  
A simplified series of ESP design equations were used17 to estimate the minimum 
value of the tube length needed to achieve 99% efficiency in particle removal. This three 
step calculation is outlined below. 
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1. An equation used to determine the charge acquired by a particle is: 
ݍ ൌ ߨ݀௣ଶߝ଴ 3ߝ2 ൅ ߝ ܧ 
(4.1) 
Where: 
ε0= 8.85 ×10-12 C·V/m (permittivity of vacuum) 
ε~ 3.7, dielectric constant for the particle relative to the vacuum 
E= charging field strength (in V/m), voltage difference divided by electrode-plate 
distance 
dp= 2.5μm average particle diameter (experimentally obtained for the USP-made 
CaCO3) 
 
E is calculated to be 1.1×104 V/m by dividing 5 kV (applied voltage) by 4.5 cm 
(distance between corona wire and the collection electrode). By plugging in all the 
numbers above into Equation 4.1, the charge is 2.5×10-17 Coulombs acquired by a 2.5 μm 
particle. (q= 2.5×10-17 Coulombs) 
2. The second step is to find the particle drift speed (we) which results from a 
balance between the electrostatic force due to the charge (Fe) and the resisting 
drag force (Fd) exerted by the air.  
Equating these two forces leads to the equation below:  
ݓ௘ ൌ ܥ௖ݍܧ3ߨߤ௙݀௣ 
(4.2) 
Where: 
q= charge acquired by each particle (obtained from step 1). 
E= charging field strength (in V/m), voltage difference divided by electrode-plate 
distance, E=1.1×104 V/m. 
Cc= Cunningham slip factor, assumed 1 for particles greater than 1μm. 
μf= fluid viscosity= 1.81 ×10-5 kg/m·s for air at ambient temperature. 
dp= 2.5 μm 
Plugging in the numbers above to the Equation 4.2 gives the drift velocity to be 
we= 5.8×10-3 m/s. 
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3. Efficiency η is defined as the percentage of removal. This is a design criterion 
that is arbitrarily chosen.   
ߟ ൌ 1 െ ݁ݔ݌ ൬െݓ௘ܣܳ ൰ 
(4.3) 
Where: 
we= drift velocity (obtained from step 2) 
A= surface of the collection electrode. 
Q= volumetric flow of gas, 1 L/min in USP set-up, equivalent to 1.6×10-5 m3/s. 
 
In this case we have chosen to achieve 99% particle removal (i.e., η=0.99). 
Plugging the numbers into the equation above gives A= 0.013 m2. From A=πD×l, l is 
calculated to be 0.045 m or 4.5 cm. Considering all the assumptions and simplifications 
made above, this only gives an estimated value for the minimum length of a tubular ESP 
to achieve 99% efficiency of particle removal. 
For design purposes, however, one needs to take into account the variations in the 
experimental parameters (such as gas flow rate, type of carrier gas, etc.) as well as design 
considerations (e.g., designated space for gas ports and bottom and top caps for the 
cylinder). In order to make a versatile design, capable of accommodating variations in 
experimental parameters, the length of the ESP tube was chosen to be 50 cm. 
 
4.2.3.3 ESP components and assembly  
The assembled ESP is shown in Figure 4.4. As previously mentioned, the 
designed ESP consists of a grounded cylinder with a positively charged corona wire 
hanging from the top in the center. The cylinder is 9 cm in I.D. and 50 cm in height and is 
made of aluminum that is hard anodized on the outside to give it superior abrasion and 
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corrosion resistance. The tube is wrapped with silicone rubber heat tape (catalog number: 
S-03110-82, from Cole-Parmer) to maintain the tube temperature at ~120 °C. A type K 
thermocouple wire is wedged between the heat tape and the tube to monitor the 
temperature controlled via J-KEM scientific Model 210. The tube is sealed at the top and 
the bottom with caps made of Teflon. A good seal is obtained by having an O-ring 
installed in each cap that is compressed via tightening two screws that sit in a grove 
carved in the cylinder. The top cap houses the high voltage wire connection in the safety 
tower screwed to the top (shown in Figure 4.5a). Two banana plugs are soldered with the 
screw in between (in the figure outset) to set the connector in the groove. The Teflon 
made plunger connects the high voltage wire from the top to a banana plug, while the 
corona wire is inserted from the bottom to another plug. Gas inlet and outlet ports are 
Teflon-made pieces. The inlet gas port diameter was chosen to be bigger than the outlet 
to avoid clogging the line. The gas inlet (24/40) connected to a custom 90° Pyrex adapter 
is attached to the top of the furnace tube via a ball-and-socket joint. The Pyrex adapter is 
maintained at high temperature ~120 °C with heat tape, controlled by a variac, wrapped 
around it. The gas outlet is connected to a bubbler via a piece of Tygon tubing (5/16 in. 
I.D., 7/16 O.D.). 
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Figure 4.4. The picture of the assembled electrostatic precipitator. 
 
 The corona wire, 40 cm in length and 16 mils in diameter, is made of chromel 
(90%-10% Ni-Cr). To keep the wire at the center of the tube, a Teflon piece (3.5” length, 
1” height and 0.25” thickness) with ~30 g weight was used (Figure 4.5b). The high 
voltage supply is a Bertan 230-20R which provides high voltage output in the range of 0-
20 kV, either positive or negative polarity.18  
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Figure 4.5. (a) The expanded view of the top cap made of Teflon. 1=Top cap with the O-
ring and two screws to ensure the gas seal, 2=the safety tower housing the high voltage 
wire, 3= screw set (8-32, ¾ in) to attach the top cap and the safety tower, 4=soldered 
banana plugs with the screw in between to set in the designated groove in the safety 
tower (Figure outset). (b) The corona wire with the Teflon weight. 
 
 
4.2.4 Materials characterization 
SEM, TEM, N2 adsorption, XRD, particle size analysis, and elemental analysis 
were performed following the same procedure described in Section 3.2.2. Scanning 
transmission electron micrographs (STEM) were collected using a JEOL 2010F with an 
accelerating voltage of 200 keV. The samples were prepared by dispersing the powder in 
ethanol, placing a few drop on a lacey formvar/carbon-copper grid (Ted Pella, #01881-F), 
and drying the grid overnight.  
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4.3 Results and discussion  
Figure 4.6 shows a schematic diagram for formation of composite CaO-based 
particles via USP. As described in Chapter 2, spray pyrolysis allows for the synthesis of 
multicomponent particles because each droplet generated by nebulizer has the correct 
stoichiometry of starting precursors.19 Droplets are carried through the furnace, solvent 
evaporation and decomposition reactions take place, and the densified product is 
collected at the end.  
 
Figure 4.6. Schematic mechanism for the formation of composite, CaO-based, USP-
made particles. 
 
4.3.1 Characterization of CaO prepared by USP 
First, pure CaO particles were made via USP by nebulizing only 
[Ca(NO3)2·4H2O] in ethanol with the same experimental conditions as described before.  
XRD characterization revealed the formation of crystalline CaCO3 in the calcite phase. 
Formation of the carbonated form of CaO (CaCO3) is attributed to the reaction of CaO 
with CO2 produced from the pyrolysis of the solvent, ethanol. The Debye-Sherrer 
formula was used to calculate the CaCO3 crystallite size as 133 nm. The XRD of pure 
CaCO3 is from ICDD PDF cards 04-007-8659, and the six major characteristic peaks at 
23.05, 29.4, 35.9, 39.4, 43.1 and 48.5° were used to obtain the crystallite size. XRD of 
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the as synthesized composite CaO-based sorbents show only crystalline CaCO3. For 
example, XRD characterization of Al doped CaO sample (Al/Ca=0.16) is shown in the 
Figure 4.7a. Crystallite size comparison between pure CaCO3 and Al doped CaO sample 
(Al/Ca=0.16) reveals that the presence of Al reduced the grain size from 133 nm to 45 
nm. This suggests that the alumina phase exists as an amorphous phase between CaCO3 
grains.  In order to confirm formation of a CaAlO phase, a sample with Al/Ca=0.16 was 
calcined at 900 °C for 1.5 h. From the XRD pattern (Figure 4.7b), small peaks 
corresponding to mayenite (Ca12Al14O33) phase were observed. As described in more 
detail later, the sorbents were subjected to 15 cycles of calcination/ carbonation. XRD 
characterization of the cycled sample reveals the formation of both Ca12Al14O33 and 
Ca3Al2O6 phases (Figure 4.7c). This indicates that the intermediate mayenite phase 
observed in Figure 4.7b turns into the more stable Ca3Al2O6 phase after cycles of 
calcination/carbonation. As expected, increasing the amount of Al in the synthesis 
produces more pronounced CaAlO peaks.  
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Figure 4.7. XRD patterns of the sample with Al/Ca=0.16; (a) immediately after 
collection from the USP setup, (b) after calcination at 900 °C for 1.5 hrs and (c) after 15 
cycles of calcination/carbonation.  The XRD patterns of CaCO3, Ca12Al14O33, Ca3Al2O6 
and CaO indicated in the figure are from ICDD PDF cards 04-007-8659, 00-009-0413, 
04-008-8069 and 04-005-4757 respectively.  
 
 
This specific Al/Ca ratio (0.16) was chosen as a representative sample for 
characterization purposes for several reasons.  First, this composition has been previously 
studied heavily in the literature,20-22 so it is a good choice for comparison. Second, a 
sample with Al/Ca=0.16 corresponds to a composition of 75:25 wt% CaO:Ca12Al14O33  
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after full transformation to the calcium aluminate phase; 75:25 is obviously arbitrary, but 
certainly representative. Third, lower ratios of Al/Ca make the XRD identification of the 
aluminate phase difficult due to the low intensity of the calcium aluminate peaks. 
Figure 4.8a shows the complete N2 adsorption-desorption isotherm with 53 
adsorption points and 23 desorption points for the pure CaCO3 prepared by USP. It shows 
a type II characteristic isotherm that is frequently encountered in nonporous powder or on 
powders with pore diameters larger than micropores (> 2 nm).23 From Figure 4.8b, it is 
observed that pores smaller than 10 nm are the largest contributors to the total pore 
volume. A total surface area of 6.2 m2/g was determined by a BET 5-point measurement 
in the range of 0.05<P/P0<0.2. The total pore volume at P/P0=0.985 is 0.02 cm3/g for 
pores smaller than 67 nm. The USP-made CaCO3 sample was also characterized using a 
Horiba Partica LA-950 laser diffraction particle size analyzer. The Dn50 (median particle 
size) was measured to be 2.47 µm.  
 
Figure 4.8. (a) N2 adsorption-desorption isotherm and (b) Pore size distribution for pure 
CaCO3 prepared by USP.  
 
 
As a control, the effect of synthesis temperature on the sorbent’s stability for the 
pure CaO sorbents was investigated. As shown in Figure 4.9, the synthesis temperature 
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does not have much influence on the cycling stability of the materials nor does it change 
the morphology. Also, as indicated throughout the literature,7-8 regeneration conditions 
(e.g., temperature and CO2 concentration) have a stronger influence on the stability of the 
CaO sorbents than preparation parameters. Therefore, we chose the lowest synthesis 
temperature for which we obtained the complete decomposition of nitrate precursor to 
oxide (i.e., 600 °C). 
 
Figure 4.9. Top panel: CO2 uptake for pure CaO sorbents synthesised at 600 °C and 
700 °C during 15 cycles of calcination/carbonation. Bottom panel: TEM images of the 
hollow pure CaO sorbent; left, synthesized at 600 °C and right at 700 °C. 
 
 
105 
4.3.2 Composite CaO-based sorbents 
It has been previously noted that Al2O3 forms calcium aluminate phases upon 
reaction with CaO at high temperatures (e.g., Ca12Al14O33, Ca3Al2O6, CaAl2O4),20 and in 
the case of ZrO2 addition,  CaZrO3 forms.24 The formation of Ca2SiO4 and CaSiO3 is also 
reported in the case of SiO2 addition.25-26 In order to compare the performance of 
composite CaO-based sorbents in this work, all the sorbents’ composition is based on 80 
wt% free CaO content after the respective mixed oxide phases were formed. Therefore 
the compositions are based on 80:20 wt% CaO:Ca12Al14O33, CaO:CaZrO3, CaO:Ca2SiO4, 
CaO:Y2O3, CaO:MgO, and CaO:CeO2. In the case of both alumina and silica addition, 
the composition is based on 80:10:10 wt% CaO:Ca12Al14O33:Ca2SiO4.  
CO2 capture performance of the synthesized composite sorbents was examined 
using TGA during 15 cycles. To find the optimum calcination and carbonation 
temperature for cycling experiments, a sample with 80:20 wt% CaO:Ca12Al14O33 was 
used. A single CO2 adsorption run was done for three carbonation temperatures as shown 
in Figure 4.10. Increasing the adsorption temperature increases the reaction rate for CO2 
sorption, and this yields a higher CO2 binding capacity over a finite reaction time (e.g., 
30 min). The carbonation reaction, however, is exothermic and the equilibrium is limited 
at temperatures above 750 °C; therefore, 710 °C was chosen as the optimum carbonation 
temperature throughout this work. The sample with 80:20 wt% CaO:Ca12Al14O33 was 
treated for 15 cycles of carbonation/calcination as shown in Figure 4.11. The regeneration 
temperature was varied in the range of 900-1100 °C. Increasing desorption temperature 
beyond 950 °C destroys the sorbent performance; this is most likely due to aggravated 
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sintering at high temperature. Thus, 950 °C was chosen as the optimum regeneration 
(calcination) temperature throughout this work. 
 
Figure 4.10. CO2 uptake by the sample with 80:20 wt% CaO:Ca12Al14O33 for three 
adsorption temperatures.  
 
 
Figure 4.11. CO2 uptake by the sample with 80:20 wt% CaO:Ca12Al14O33 during 15 
cycles of carbonation/calcination; carbonation at 710 °C for 30 min under 100% CO2 and 
calcination for 5 min under 100% N2. The calcination temperature was varied in the 
range of 900-1100 °C; 950 °C results in the highest performance and therefore was 
selected throughout the study.  
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Carbonation and calcination cycles were performed at 710 °C for 30 min under 
100% CO2 and 950 °C for 5 min under 100% N2, respectively (see Chapter 3, Section 
3.2.2 for more details on the TGA protocol). CO2 uptake and CaO conversion are plotted 
in Figure 4.12. These two parameters are the measures for effectiveness of sorbent 
materials in terms of capacity and stability, respectively. CaO conversion relates to CO2 
uptake (i.e., wt% change) according to the equation below: 
ܺ஼௔ை ൌ ݓݐ%	݄ܿܽ݊݃݁0.786 ൈ
1
∝஼௔ை 
(4.4) 
Where: 
wt% change= the weight % change based on the total sorbent mass  
 CaO= the weight fraction of CaO present in the sorbent 
0.786= the stoichiometric uptake of CO2 by CaO 
 
 
 
Figure 4.12. CO2 uptake by composite CaO sorbents during 15 cycles of 
calcination/carbonation; calcination at 950 °C for 5 min under 100% N2 and carbonation 
at 710 °C for 30 min under 100% CO2. (a) CO2 uptake (g CO2/ g sorbent), and (b) CaO 
molar conversion. The incorporation of inert metal oxide binders shows a great 
enhancement in the CaO cycling stability over 15 cycles with Alumina and Yittria being 
the most effective ones.  
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As shown in Figure 4.12, incorporation of inert metal oxide binders shows 
substantial enhancement in the CaO cycling stability over 15 cycles. Alumina and yittria 
proved to be the most effective binders, and CeO2 did not perform as effective, as the 
other ones. To examine the longer term stability of the sorbents, we extended the 
recycling to 50 cycles of carbonation/calcination (excluding CeO2), as shown in Figure 
4.13. Al and Si containing sorbents maintained the highest capacity after 50 cycles. Mg, 
Y and Zr containing samples all showed similar performance after 50 cycles. In the case 
of Zr, there was an initial decrease in capacity after which the material gradually 
recovered to reach its maximum (at cycle 12). This is most likely due to formation of 
CaZrO3 phase in first few cycles which helps stabilize the material.24 However, this 
material showed a gradual decay as it underwent further cycling and did not prove to 
efficiently withstand sintering effects in the long term.  Since Al and Si containing 
sorbents both show similar performance after cycle 50, a composite Si/Al/Ca sorbent 
with 80:10:10 wt% CaO:Ca12Al14O33:Ca2SiO4 was studied in the same fashion. As shown 
in Figure 4.13, it retains the highest CO2 capacity at cycle 50 among all the materials 
tested.  
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Figure 4.13. CO2 capture performance during 50 cycles of carbonation/calcination for 
composite CaO sorbents compared with pure CaO sorbent. The cycling conditions were 
carbonation at 710 °C for 30 min under 100% CO2 and calcination at 950 °C for 5 min 
under 100% N2. Al, Si, and Al/Si containing sorbents show the greatest improvement in 
the sorbent stability in extended operating cycles. 
 
4.3.3 Materials characterization 
Composite CaO-based sorbents were further characterized using SEM, XRD, and 
BET surface area analysis. A three-point BET surface area analysis was used to measure 
the surface area of sorbents-as synthesized. The difference among the measurements was 
insignificant because all were in the range of 5 m2 g-1 to 18 m2 g-1. The SEM images 
below (Figure 4.14 and 4.15) show the changes in the structure of alumina and yittria 
containing samples in the course of 50 cycles. As synthesized sorbents show non-
agglomerated microparticle morphology; however, as the materials undergo cycling, 
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particles agglomerate. In 4.14b, spherical morphology is still observed but less so after 50 
cycles. Severe sintering after 50 cycles is evident from Figure 4.14c and 4.15c.  
 
Figure 4.14. SEM of the sample with 80:20 wt% CaO:Ca12Al14O33 (a) as synthesized, (b) 
after 15 cycles, and (c) after 50 cycles. Severe particle agglomeration is evident with 
increased number of cycles. 
 
 
Figure 4.15. SEM of the sample with 80:20 wt% CaO:Y2O3 (a) as synthesized, (b) after 
15 cycles, and (c) after 50 cycles. Severe particle agglomeration is evident with increased 
number of cycles. 
 
 
XRD characterization was also done for composite CaO-based samples. Figure 4.16 
shows the XRD pattern of the sample with 80:20 wt% CaO:Y2O3. The XRD pattern of 
the as-synthesized sorbent shows the presence of Ca(OH)2 along with CaCO3. As 
indicated in the XRD patterns of the cycled sample, crystalline Y2O3 forms as the 
material is cycled. Also, peaks corresponding to unreacted CaO stand out, indicating the 
deactivation of the sorbent. The XRD pattern for the as synthesized sample with 80:20 
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wt% CaO:Ca12Al14O33 shows crystalline CaCO3 (Figure 4.17). After multiple cycles, 
peaks corresponding to Ca3Al2O6 phase appear. It is important to note that peaks of 
Ca3Al2O6 and Ca12Al14O33 phases overlap in most cases. In addition, low Al content 
makes the phase assignment even more challenging. However, the characteristic peak at 
18.1° only appears in Ca12Al14O33 pattern and the one at 59° belongs to Ca3Al2O6 . From 
Figure 4.7 it is clear that in the case of 75:25 wt% CaO:Ca12Al14O33 both characteristic 
peaks of Ca12Al14O33 and Ca3Al2O6 at 18.1° and 59° are present; therefore, comparing 
with  80:20 wt% CaO:Ca12Al14O33 , a mixture of both phases exists. After 50 cycles (not 
shown), however, the characteristic peak of Ca12Al14O33 disappears indicating that the 
intermediate mayenite phase transforms to a more stable calcium aluminate phase 
(Ca3Al2O6). 
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Figure 4.16. XRD patterns of the sample with 80:20 wt% CaO:Y2O3 synthesized at 
700 °C. From bottom to top: after collection from the USP setup, after 15 cycles, after 25 
cycles, and after 50 cycles of calcination/carbonation.  The XRD patterns of CaCO3, 
Ca(OH)2, CaO and Y2O3  are from ICDD PDF cards 04-007-8659, 00-001-1079, 04-005-
4757 and 01-079-1257, respectively. Unlabeled peaks correspond to CaCO3. 
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Figure 4.17. XRD patterns of the sample with 80:20 wt% CaO:Ca12Al14O33. From 
bottom to top panel: after collection from the USP setup, after 15 cycles, after 25 cycles, 
and after 50 cycles of calcination/carbonation. The XRD patterns of CaCO3, Ca12Al14O33, 
Ca3Al2O6 and CaO are from ICDD PDF cards 04-007-8659, 00-009-0413, 04-008-8069 
and 04-005-4757 respectively. Unlabeled peaks correspond to CaCO3. 
 
 
4.3.4 Alumina-doped CaO sorbents 
As noted previously, Al containing CaO-based sorbents have been studied heavily 
throughout the literature. This section is devoted to the characterization of USP-made 
alumina-doped CaO sorbents. CO2 capture performance and a comparison with the 
materials of its kind in the literature will be discussed. 
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In order to find the distribution of elements in a USP-made composite 
microparticle, STEM-EDX analysis was done for a particle with Al/Ca=0.16, which is a 
representative example (Figure 4.18). The particles are macroporous with a homogenous 
distribution of Al and Ca throughout, as seen in Figure 4.18b and 4.18c. The ratio of the 
maximum counts of Ca and Al Kα signals is ~0.17, which is consistent with the atomic 
ratio for the sample composition (Al/Ca=0.16). 
 
Figure 4.18. (a) STEM image and EDX line scan analysis of a particle with Al/Ca 0.16; 
(b) Ca Kα signal with 268 max counts, and (c) Al Kα signal with 46 max counts. The red 
line in (a) indicates the line scan analysis path (~1.7 µm, 15 analysis points). 
 
 
CO2 uptake of alumina-doped CaO sorbents was compared for various sorbent 
compositions (Al/Ca ratio) during 15 cycles of calcination/carbonation (Figure 4.19). 
Initial CO2 uptake decreases with the addition of inert Al2O3, whereas the recycling 
stability showed a significant improvement even with low concentrations of Al2O3 
present (e.g., as low as a 0.03 Al to Ca ratio). A comparison of the performance of 
Al/Ca=0.16 sorbent developed in this work with others of its kind is shown in Table 4.2. 
The USP samples perform better than previously reported materials.  More importantly, 
USP is a scalable flow process that produces small particles with high surface areas and 
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relatively uniform particle size. Prior methods of synthesis are batch, do not yield small 
particles, and often do not give uniform distribution of Al.  
 
Figure 4.19. CO2 uptake by Al-containing sorbents during 15 cycles of 
calcination/carbonation; calcination at 950 °C for 5 min under 100% N2 and carbonation 
at 710 °C for 30 min under 100% CO2. Incorporating low concentrations of Al2O3 
significantly improves the cycling stability over 15 cycles.  
 
In order to test the long term stability, the sorbent with 80:20 wt% 
CaO:Ca12Al14O33 (Al/Ca=0.12) was exposed to 65 cycles of calcination/carbonation as 
shown in Figure 4.20.  At cycle 50, the sorbent was exposed to a long carbonation period 
under 100% CO2 (3 h vs. 30 min). Because the sorbents are allowed to react in the 
diffusion-controlled regime for a prolonged period of time, this causes a self-reactivation 
phenomenon to occur, which has previously been reported.27-28 Although the sorbent 
shows partial reactivation in subsequent cycles, it eventually returns to the previous trend 
of deactivation. 
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Table 4.2. Comparison of the performance of the sorbents with Al/Ca=0.16 (i.e., 
75:25 wt% CaO:Ca12Al14O33) in the literature. 
Method of synthesis Sorbent Source/ precursor 
Carbonation/ 
Calcination 
CO2 uptake  
at cycle 15 
g CO2 / g 
sorbent 
Retention  
Ratio (%) 
cycle 15/ 
cycle 1 
Reference
Calcination at 900 °C 
CaO powder 
 Al(NO3)3·9H2O 
in isopropanol 
700 °C, 30 min, 20% CO2 
850 °C, 5 min, 100% N2 
~0.48 94 20 
Calcination at 900 °C 
Ca(OH)2 
 Al(NO3)3·9H2O  
in isopropanol 
690 °C, 30 min, 15% CO2 
850 °C, 10 min, 100% N2 
~0.22 - 21 
Calcination at 900 °C 
CaO 
Al(NO3)3·9H2O  
in isopropanol 
690 °C, 30 min, 15% CO2 
850 °C, 5 min, 100% N2 
~0.35 - 22 
Ultrasonic Spray 
Pyrolysis 
at 600 °C 
 Ca(NO3)2·4 H2O 
Al(NO3)3·9H2O 
710 °C, 30 min, 100% CO2
950 °C, 5 min, 100% N2 
0.55 92 This work 
 
 
Figure 4.20. CO2 uptake by 80:20 wt% CaO:Ca12Al14O33 (Al/Ca=0.12) during 65 cycles 
of carbonation/calcination. 
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4.3.5 USP vs. mechanical stirring 
Two control samples were synthesized to determine the effectiveness of 
composite USP synthesis (bottom-up approach) in maintaining cyclic stability of the 
sorbents. Alumina doped CaO sorbent was used as an example to probe how the grain 
size affects (e.g., Al2O3 and CaO grain size) the regenerability of the sorbents. For the 
first control, CaCO3 and Al2O3 particles were separately synthesized via USP and then 
mixed via mechanical stirring overnight. The solvent (ethanol) was allowed to evaporate 
while stirring to obtain a uniform mixture of constituents. To synthesize the second 
control, Ca(NO3)2·4 H2O was nebulized with Al2O3 nanopowder (from Sigma-Aldrich, 
<50 nm). In both samples above, the composition was kept the same as the USP 
composite (i.e., CaO:Ca12Al14O33 80:20 wt% or CaO:Al2O3 90:10 wt%). 
The CO2 capture performance of the two controls, made by and mechanical 
stirring and Al2O3 nanopowder nebulization, and the USP composite sample is plotted in 
Figure 4.21 for comparison. The bottom-up synthesis of composite alumina CaO-based 
sorbent (from Al and Ca precursor solution) led to the most efficient sorbent in 
maintaining high stability and capacity (0.5 g CO2/g sorbent at cycle 30). The two 
controls, mechanical stirring of Al2O3 and CaCO3 particles and nebulization of Al2O3 
nanopowder in Ca precursor, only show a slight improvement in CO2 capacity compared 
to pure CaO USP sample (0.3 and 0.25 g CO2/g sorbent, respectively vs. 0.2 in the case 
of pure CaO at cycle 30). The high performance of USP composite sorbent is most likely 
due to small CaO grains separated by the stable CaAlO phase, which facilitates the 
diffusion of CO2 in the carbonation reaction. 
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It is also worthwhile to note that initial CO2 uptake for the sample with Al2O3 
nanopowder nebulization is lower than the other two samples with the same composition 
(CaO:Ca12Al14O33 80:20 wt%). This indicates that the sorbent contains more inert Al2O3 
than the other two; therefore, it is likely that the addition of Al2O3 powder has an adverse 
effect on the decomposition of Ca precursor.  
 
Figure 4.21. CO2 capture performance of the samples with the same composition 
(CaO:Ca12Al14O33 80:20 wt% or CaO:Al2O3 90:10 wt%) synthesized via USP, 
mechanical stirring and Al2O3 nanopowder nebulization. The bottom-up synthesis 
approach (i.e., composite USP particles) proved to be the most efficient one. This is most 
likely due to small CaO grains separated by the stable CaAlO phase which facilitates the 
diffusion of CO2 in the carbonation reaction. 
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In the case of mechanical stirring, somewhat fragmented particles (shown in 
Figure 4.22a) were seen. This might be due to mechanical forces on the particles for 
prolonged period of time. After 30 cycles of operation, we observed non-agglomerated 
intact particles along with a sintered agglomerated phase typically seen for CaO. These 
particles most likely are Al2O3 which resisted sintering due to relative high Tammann 
temperature (890 °C) as compared to lime.29  
 
Figure 4.22. SEM images of (a) mechanically stirred Al2O3 and CaCO3 particles upon 
synthesis and drying, and (b) the cycled sample after 30 cycles of 
calcination/carbonation. Non-agglomerated particles, most likely Al2O3, were observed 
along with sintered CaO phase.  
 
 
4.3.6 Shrinking core model 
To describe the gas-solid carbonation reaction between carbon dioxide and 
composite CaO-based sorbents at elevated temperatures, the variable diffusivity shrinking 
core model with expanding product layer proposed by Abbasi et al.30 was adopted. The 
model is an extension of the classical shrinking core model,31-32 which assumes a three- 
step reaction. Namely, the diffusion of gaseous reactant through the gas film that 
surrounds the particle to reach to the surface of the solid, the diffusion of gaseous reactant 
through the porous product layer to the surface of unreacted sorbent, and surface reaction 
of gaseous reactant at the surface of the unreacted sorbent (Figure 4.23). 
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Figure 4.23. Schematic representation of a sorbent particle in the variable diffusivity 
shrinking core model with expanding product layer.  
 
 
Due to the high concentration of CO2 in the bulk and the significant flow rate of 
gas during the TGA runs, the mass transfer resistance of the gas film surrounding the 
particle was assumed to be negligible. Moreover, it is assumed that the radius of the 
spherical particles increases as the reaction proceeds because of the difference between 
the molar volume of the solid reactant and the product. 
Another important assumption in this model is that of the variable diffusivity of 
gaseous reactant through the product layer. The strong dependency of product layer 
diffusivity on the temperature, concentration, conversion and depth in the product layer 
has been reported for the similar gas/solid reactions by many researchers.30, 33-37  
Based on the above assumptions, the rate of change in the conversion, X, is given 
by: 
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(4.5) 
 
Where, Cb is the CO2 concentration in the bulk gas, Ce is the equilibrium CO2 
concentration, De  is the effective product layer diffusivity of CO2, rp is the initial radius  
of the particle, ks is the surface reaction constant rate at each zone, and C0CaO is the initial 
number of moles of CaO per unit volume. Z is the expansion factor of the particle, 
defined as the ratio of the total volume of the reacted particle to the total volume of the 
unreacted particle. 
In this model, the dependence of the diffusion coefficient through the porous 
product layer with respect to conversion was assumed to follow the exponential function 
below: 
ܦ௘ ൌ ܦ௘଴݁ݔ݌൫െߙܺఉ൯ 
(4.6) 
 
Where, De0 is the initial diffusion coefficient, and α and β are two model 
parameters. By setting β to be constant and equal to 3, in all cases, there are two 
adjustable model parameters, De0 and α.  
 
4.3.6.1 Determination of reaction rate constant and other parameters 
Before proceeding with the modeling calculations, parameters of Equation 4.5 
needed to be obtained. Table 4.3 lists the estimated values for parameters of importance. 
The values of C0CaO for each sorbent is listed in the Table 4.4. 
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Table 4.3. List of parameters for modelling calculations.  
Parameter Value Description 
rg (μm) 1.3 Mean radius of the particle 
ρ (kg m-3) 3.35 True (skeleton) density of the solid reactant 
Ce (mol m-3) 0.4638 Equilibrium CO2 concentration at Tcarbonation 
Cb (mol m-3) 12.397 CO2 concentration in the bulk gas 
Z 2.2 The expansion factor of the particle 
 
Intrinsic reaction rate constant (ks) values can be found from the general reaction 
rate equation as described by Hassanzadeh.38 The carbonation reaction involving 
alkali/alkaline material with reactant gases such as CO2 and SO2 has been generally 
reported as first order;39-41 so, we consider the reaction of first order in this study. Also, 
the effect of diffusion is assumed negligible because the sorbents synthesized in this work 
by USP have a mean diameter less than 3 μm (see section 4.3.1); therefore, the steep part 
of the TGA data in the first cycle represents the case where the intrinsic reaction rate 
constant can be calculated from:  
݀ܺ
݀ݐ ௧ୀ଴ ൌ
3
ݎ௚ ∙ ܥ஼௔ை଴ ∙ ݇௦ ∙
ሺܥ௕ െ ܥ௘ሻ 
(4.7) 
 
The TGA data in the first cycle was fitted to the Equation 4.7 to yield the ks value 
inserted as the model parameter. ks values for each sorbent are listed in Table 4.4 along 
with the respective C0CaO values. The ks values obtained for different sorbents are not 
significantly different. This is easily explained considering that the particle size and 
surface area of the fresh sorbents made by USP are all very similar. 
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Table 4.4. Values of intrinsic reaction rate constant (ks) and initial CaO moles 
(C0CaO)  
Sorbent containing ks (m s-1) ×105 C0CaO (mol m-3) × 10-4 
Pure CaO 1.67 5.98 
Mg 1.41 4.85 
Y 1.34 5.26 
Al 1.54 5.00 
Si 1.63 5.27 
Si/Al 1.43 4.64 
 
4.3.6.2 Determination of D0e and α (decay rate) 
By having all the necessary parameters discussed above, the linear ordinary 
differential equations along with the governing equation of variable diffusivity shrinking 
core model (Equations 4.5 and 4.6) were solved and the model parameters (D0e and α) 
were obtained by determination of the best fit to the TGA experimental data through 
minimization of the least squares of the errors. 
A representative comparison of the model predictions with the experimental TGA 
data in the cyclic process for the 80:20 wt% CaO:Ca2SiO4 composite sample is presented 
in Figure 4.24. The model provides an excellent fit to the experimental data with R2 = 
0.99. The accuracy and qualitative behavior of the model predictions for all the other 
samples are very similar to this case and overall are in excellent agreement with the data 
presented in Figure 4.13. 
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Figure 4.24. Comparison of the model predictions with the experimental TGA data in the 
cyclic process for the 80:20 wt% CaO:Ca2SiO4 composite sample. Points on the graphs 
represent the experimental data regarding carbonation for the shown cycles under 100% 
CO2 at 710 °C and solid lines represent the model predictions. 
 
 
Decrease in CO2 capacity of CaO-based sorbents in a multicycle operation is 
mainly attributed to decrease in surface area and loss of porosity caused by sorbent 
sintering8, 39, 42-43 consistent with our observation in Figure 4.14c and 4.15c. These effects 
can be translated to a lower initial effective diffusivity to represent a less permeable 
porous product layer for the gaseous reactant diffusion as number of 
carbonation/calcination cycles increases and also a higher tendency to pore closure at 
high conversions in each cycle. This is illustrated in Figure 4.25 for an example case of 
Si/Ca sample. The drop in effective diffusivity with increase in CaO carbonation due to 
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pore closure has also been reported in the sulfidation of a dolomite based sorbent44 and in 
CaO carbonation process45. 
Figure 4.25. Drop in the calculated initial effective diffusivity of Si/Ca sample due to 
sintering during cycling process and in each cycle with increase in CaO conversion due to 
pore closure. 
 
In addition, the degree of enhancement in the cycling stability of the synthesized 
CaO-based sorbents can be quantified via obtaining the model parameters, initial 
effective diffusivity coefficient (De0) and diffusivity decay ratio (α). As illustrated in 
Figure 4.26 and 4.27, De0 and α of pure CaO sample is compared to that of the doped 
materials through the cycling process. The presence of the metal oxide binders leads to a 
great improvement in the CO2 diffusion through CaCO3 product layer as evidenced by a 
greater De0 value compared to the pure CaO sample (Figure 4.26). Comparing diffusivity 
decay ratio (α) values in Figure 4.27 further supports the enhancing effect of dopants in 
maintaining sorbent’s stability over increased number of cycles. The smallest calculated 
values of α and the largest calculated values of De0 belong to Si/Al/Ca sample which was 
shown to retain the highest CO2 capacity during 50 cycles among all the materials tested 
(Figure 4.13). 
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Figure 4.26. Initial product layer diffusivity for the composite CaO-based sorbents 
through the cycling process. The presence of the metal oxide binders leads to a great 
improvement in the CO2 diffusion through CaCO3 product layer as evidenced by a 
greater De0 value compared to the pure CaO sample. 
 
 
Figure 4.27. Diffusivity decay ratio (α) for the composite CaO-based sorbents through 
the cycling process. The smallest calculated values of α belong to Si/Al/Ca sample. 
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Two sets of power-law and second-order polynomial trend lines were used to fit 
the variations of De0 and α during cycling in Figure 4.26 and 4.27, respectively. It is 
worthwhile to note that the De0 and α data for the first 10 cycles were not considered for 
curve fitting and extrapolation to eliminate the effect of activation/conditioning during 
the initial cycles. As shown in many studies38, 46 during the initial cycles, the structure of 
the sorbent is still under activation/conditioning process and it takes up to 20 cycles, 
depending on the crystalline structure of sorbents, to form a stable pore structure with an 
established behavior under cycling. 
 The trend lines are useful in extrapolation of the sorbent’s performance and 
estimation of the fresh sorbent make-up rate in a continuous regenerative CO2 capture 
process involving increased number of cycles. As an example, the extrapolated values of 
De0 and α were used to model a TGA run for Al/Ca sample that had undergone 95 
carbonation/calcination cycles. Figure 4.28 compares the predicted CaO conversion 
based on the extrapolated De0 and α value with the experimental data obtained by TGA 
for Cycle 95. The result reveals that the extrapolation gives an excellent prediction of 
performance of this sample after 95 carbonation/calcination cycle with R2=0.97. Thus, the 
same method could be used for extrapolation of the other sorbents’ performance. 
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Figure 4.28. Predicted CaO conversion based on the extrapolated De0 and α values 
compared with the experimental data obtained by TGA for Cycle 95. 
 
 
4.4 Conclusion 
In summary, we have synthesized a series of composite CaO-based sorbents with 
ultrasonic spray pyrolysis (USP). USP provides a facile and scalable route for materials 
synthesis.47 Several refractory metal oxides were incorporated to CaO matrix to enhance 
the reversibility of CaO sorbent in a cyclic operation. In some cases, the observed 
stability was attributed to the formation of a mixed metal oxide phase as demonstrated in 
XRD characterizations. Performance of similar sorbents was also compared for bottom-
up (from precursor) and mechanical stirring approaches. The bottom-up synthesis 
approach (i.e., composite USP particles) proved to be more efficient in retaining CO2 
capacity over 30 cycles.  
Lastly, as shown in this study, a variable diffusivity shrinking core model with 
expanding product layer is capable of describing the gas/solid carbonation reaction 
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involving carbon dioxide and a composite CaO-based sorbents. The model was used to 
predict the experimentally observed improved stability of the sorbents under cycling. The 
model provides an explanation for the effect of sintering and agglomeration on the 
performance of the sorbent through a variable effective diffusion coefficient. The model, 
as shown, could also be used in extrapolation of the sorbent performance at significantly 
high number of cycles. This method is able to express the overall reaction rate (i.e., 
dX/dt) as an explicit function of conversion and time and can easily be incorporated into 
computational fluid dynamics (CFD) models to describe the sorbent performance in a 
fluidized-bed reactor. 
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